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‘THE survey described in this Report was 
undertaken by the Water Pollution 
Research Laboratory to provide informa- 
tion on which a Departmental Committee 
of the Ministry of Housing and Local 
Government could base recommendations 
for reducing the pollution of the Thames 
Estuary. It was already known that the 
foul conditions which were occurring in 
warm dry weather were the result of 
depletion of dissolved oxygen. ‘The main 
objects of the investigation were thus to 
determine the effects of various factors 
on the distribution of dissolved oxygen, 
and to develop methods by which this 
distribution could be predicted for any 
combination of conditions of fresh-water 
flow, temperature, polluting load, etc., that 
might arise in the future. 

The work included regular determin- 
ation of the quality of the water through- 
out the estuary over several years, 
examination of past records, study of 
sources of pollution, determination of the 
rates at which oxygen in the water was 
consumed and replenished, and 
development of a mathematical model to 
represent the movement and dispersion of 
substances discharged into the estuary. 

Methods were then developed by which 
the distribution of dissolved oxygen could 
be calculated from knowledge of the 
imposed conditions. After confirming that 
these methods were applicable to recent 
years—by comparison of the calculated 
distributions with those observed—they 
were used in predicting future conditions, 
thus providing a basis for future 
management of pollution in the estuary. 
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The estuary—looking downstream from near London Bridge 
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REPORT OF THE 
THAMES SURVEY COMMITTEE 


To THE CHAIRMAN OF THE WATER POLLUTION RESEARCH BOARD: 


Tue Thames Survey Committee was appointed at the end of 1948 by the Water Pollution Research 
Board to study the condition of the Thames Estuary, with particular reference to its capacity to 
purify the sewage and industrial effluents discharged to it. We held our first meeting in January 1949 
and have met on 52 occasions; we now have the honour to present our report. 


Scope of work 


The immediate cause of our appointment was a request in 1947 from the late Lord Waverley 
(then Sir John Anderson), the Chairman of the Port of London Authority, to Sir Edward Appleton, 
then Secretary to the Department of Scientific and Industrial Research, that the Water Pollution 
Research Laboratory should assist in an investigation of the causes of silting in the Thames Estuary, 
especially in the neighbourhood of Barking, and particularly to ascertain whether the deposition of 
mud was being affected by the discharge of polluting matter. The Port of London Authority provided 
a laboratory at ‘Tilbury, a surveying ship, and other facilities, and field work, at first on a relatively 
small scale, was begun by the Water Pollution Research Laboratory in March 1949. 


At about this time many complaints were being received of the general sanitary condition of the 
estuary water. It was known from the detailed surveys which were being made by the London 
County Council that the central reaches were in an anaerobic condition during a large part of each 
year, particularly in the dry summer months, and that when in this condition the foul-smelling gas, 
hydrogen sulphide, was being evolved to an extent sufficient to cause complaint from the public. 


About this time also the Port of London Authority arranged to begin work on the causes of 
silting in various parts of the estuary, using large tidal models built specially for the purpose. This 
work was supervised by the Hydraulics Research Station of the Department. It was agreed, therefore, 
that our own Committee should be concerned chiefly with the investigation of the then unsatisfactory 
condition of the 'hames and should endeavour to ascertain what best could be done to alleviate it. 


An important factor in bringing about this change of emphasis was the appointment in 1951 by 
the Ministry of Local Government and Planning (now Housing and Local Government) of a 
Committee under the chairmanship of Professor A. J. 5. Pippard, the terms of reference of which 
were ‘to consider the effects of heated and other effluents and discharges on the condition of the tidal 
reaches of the River Thames, both as at present and as regards any proposed new developments in 
the area; and to report.’ We worked in very close collaboration with this Committee and provided 
it with well over a hundred reports as the work proceeded. It was agreed that it would be largely on 
the basis of this factual information that Professor Pippard’s Committee would make recommenda- 
tions on the future management of the estuary. It had originally been intended that Professor 
Pippard’s report and our own should be published simultaneously. By 1959 however it was 
considered that the main factors affecting the sanitary condition of the estuary had been identified 
and that the general outline of a scheme on which future management of the waterway could be 
based could now be drawn up. In view of the importance of this to the many interests concerned, 
Professor Pippard’s Committee, in agreement with your Committee, therefore drafted its report 
without waiting for the completion of our investigation, and published* it in 1961. It was however 
appreciated that some of the conclusions put forward might later require modification, since in 1959 
the methods of calculation (and particularly those involving the use of an electronic computer) had 
by no means been fully developed and there was still doubt about some of the factors which have a 
bearing on the condition of the estuary water. In the event, later work has not greatly altered most of 
the conclusions which had been reached, but it is now thought that one of the earlier statements was 
in error; this (which we mention later) concerns the effects which would follow from increasing 
very greatly the degree of purification of existing effluents. 


* MINISTRY OF HousiNG AND LOCAL GOVERNMENT. Pollution of the Tidal Thames. H.M. Stationery Office, London, 1961. 
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Form of investigation 

We began by arranging for detailed and regular surveys of the estuary water from a few miles 
below Teddington to the sea. ‘These were made at weekly intervals when possible, for some four 
years, and thus covered a period in which there were wide fluctuations in the various factors—for 
example fresh-water flow, temperature, and wind velocity—which might be expected to have a 
bearing on the state of the water. In addition, we were extremely fortunate in that the London 
County Council had been making somewhat similar surveys for a long period (beginning before 
1900) during which the extent of pollution of the estuary had considerably increased; these records 
—which are much more complete and detailed than for any other estuary in the world—were 
generously put at our disposal by the L.C.C. and have been of immense assistance in our work. 


We thought that by considering the state of the estuary at different periods, and the quantity 
and nature of the polluting matter then being discharged to it, it might be possible to predict what 
further changes would follow from alterations in conditions which might be made in the future. 
A lengthy statistical analysis of the data was therefore made—it is described in Chapter 6 of the 
Laboratory’s Report. From it we concluded that this line of attack would not yield with any precision 
the information required. However, the work we have done will be of interest, perhaps to those 
concerned with the management of other estuaries, in indicating the possibilities of this method, 
and also its limitations even when such detailed information has been collected, at a cost of much 
labour and expense, over so many years. 

We were therefore driven to undertaking a much more ambitious and speculative method of 
attack. It was known that the formation of hydrogen sulphide, which caused the nuisance and with 
which we were chiefly concerned, was intimately related to the concentration of oxygen in solution 
in the estuary water. In the temperate climate of Great Britain the water of an estuary unpolluted 
by sewage or industrial wastes is usually found to be substantially saturated with dissolved oxygen, 
which is in equilibrium with that in the air at any particular temperature and pressure. In polluted 
water containing no oxygen or nitrate in solution, sulphate (a constituent of sea water normally 
inert under aerobic conditions) is reduced by bacterial action, making oxygen available for use in 
bacterial metabolism, as well as releasing malodorous hydrogen sulphide, the chief cause of 
complaint. 

When an initially unpolluted estuary receives discharges of sewage or of many types of industrial 
wastes, the concentration of oxygen in solution falls, since some of it is continuously being used in 
the oxidation of polluting matter, usually as a result of bacterial activity. At the same time, in an 
estuarine system, oxygen is dissolving in the water from the air and is entering in solution in the 
fresh-water river and tributaries (provided these also are not grossly polluted) and from the sea. 
Under steady conditions of discharge of polluting wastes, and of temperature, fresh-water flow, and 
other factors which affect the system, the distribution of oxygen in solution throughout the estuary 
will tend to assume a steady state in which supply and consumption are in equilibrium. In brief, 
what has been done is to calculate what this distribution of oxygen would be under given conditions. 
If then the calculated distribution is found to agree with that observed by direct examination of the 
estuary water it is permissible, we consider, to use the same methods of calculation to predict what 
the distribution would be if a known change were made in any of the factors which have been taken 
into account in the calculations. It is then possible to use this method of approach as a means of 
managing the estuary; for example before installing new works to reduce the polluting character 
of a given discharge, or before authorizing a new discharge, the approximate effect which the changes 
would have on the condition of the water would be known. An account of the experimental work, and 
the calculations entailed by this treatment of the problem, occupy the greater part of the Laboratory’s 
Report. 

We should perhaps make it clear that when we recommended that this programme of work should 
be pursued we were aware that it would occupy a considerable proportion of the resources of the 
Laboratory for a long period. So far as we know, no pollutional study of this complexity had been 
undertaken before and although some attention had been given by workers in various parts of the 
world to the mathematics involved, no theory had been developed by which the condition of the 
estuary could have been predicted. The method elaborated at the Laboratory, which was based on 
quite different principles from those used by previous workers, was necéssarily at first untried and 
speculative and it was by no means certain that the application of it would lead to results on which 
the future management of the Thames could be based. We thought it right nevertheless to continue 
with the investigation, since it was clear that the work as it proceeded was throwing a great deal of 
light on the mechanism of estuarine self-purification, and that the knowledge which was being 
gained would be of assistance in interpreting events, not only in the Thames, but in other estuaries 
and in fresh-water streams. 

Among the many matters on which information had to be obtained before calculations could 
be made were the rates at which different types of polluting matter are oxidized in the estuary at 
different temperatures, the /rate at which atmospheric oxygen dissolves in the estuary water under 
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different conditions, and the part played by nitrate (itself a product of oxidation of nitrogenous 
organic matter) in serving as a source of oxygen in certain circumstances in the estuary; each of these 
problems entailed much experimental work in the laboratory and observation in the field. Another 
considerable difficulty was that, when the work began, no method was known by which could be 
calculated the distribution of substances discharged at a given point into the complex current system 
of the estuary, where the seaward flow of fresh water is superimposed on the oscillating motion of 
the estuarine water under tidal action. Fortunately, the distribution of salinity can be used to 
serve as a guide in this matter, and as will be seen from the Laboratory’s Report, a satisfactory 
theory was ultimately developed. It proved to be one, however, which, even with the aid of modern 
electronic computers, entailed much laborious calculation before the state of the estuary water in any 
given circumstances could be predicted. 


Validity of calculations 


The validity of the methods of calculation used to predict the condition of the estuary water under 
different conditions must be judged by the examples shown in Chapter 17 of the Laboratory’s Report, 
in which the calculated state is compared with that actually observed by the London County Council 
during its regular surveys of the estuary. The quantities compared are the predicted and observed 
concentrations of ammonia, of dissolved oxygen, and of nitrate, the last two being of chief importance 
in determining how far the estuary is at any time from the condition in which hydrogen sulphide 
will be evolved by the microbiological reduction of sulphate. It will perhaps be agreed that, taking 
into account the inherent variability of so large and complex a system as the ‘Thames, the 
correspondence between prediction and observation is reasonably close. Not only are the curves 
expressing the distribution of dissolved oxygen and inorganic nitrogenous constituents of the same 
form as those found by observation, but it is clear that the method of calculation gives a quite good 
prediction of the effects of those factors, such as temperature and fresh-water flow, which greatly 
affect the sanitary condition of the water. We submit therefore that the methods which have been 
developed can be used to predict, with some confidence, what changes will occur in the condition 

f the water if major alterations are made in such factors as polluting load, fresh-water flow, or 
temperature. 


‘There has in fact been an opportunity to test this assumption in practice. This was provided by 
the significant reduction in the polluting load from the Northern Outfall Works of the L.C.C. which 
occurred when this plant was modernized and extended. The first stage was the installation of 
additional primary sedimentation tanks which were put into operation in June 1955 and which 
reduced the discharge of organic suspended solids by about 60 tons/day; this was equivalent to a 
reduction of biochemical oxygen demand of 75 tons/day, or about 37 per cent of the original load. 
Later, at the beginning of 1960, additional activated-sludge plant was brought into operation, giving 
a further reduction of 41 tons biochemical oxygen demand daily. The total reduction from the 
complete extension amounted to an estimated 58 per cent of the original daily discharge of 
biochemical oxygen demand. 


Although these extensions were very large, the central reaches of the estuary at this time 
contained so high a concentration of polluting matter that the Laboratory predicted, from 
calculations of the type we have described, that the increase in the concentration of dissolved oxygen 
which would be brought about by the improvement in the quality of the effluent, though observable, 
should be comparatively small. Observation showed that the first stage of the improvement—that is 
the installation of the additional primary sedimentation tanks—was not followed by any significant 
change in the condition of the estuary water. After the new activated-sludge plant began operating 
however there was a definite rise in oxygen level; the extent of the change resulting from the two 
stages together was very close to that predicted (Chapter 17). 


Although, as we have said, we think that the methods developed by the Laboratory can be used 
with some confidence in the future management of the Thames, it is clear from the examples shown 
in Chapter 17 of its Report that there is some discrepancy between the observed and predicted 
condition of the estuary water. Some of the causes of this discrepancy are understood and could be 
eliminated, at the cost however of undertaking much more detailed calculations than would normally 
be economic. Others no doubt depend on uncertainties concerning the microbiological reactions 
on which the calculations as a whole are based. 

Of the factors which cause a discrepancy between predicted and observed average conditions 
over a period of three months, the most important of those of which the action is understood is 
fluctuation in flow of fresh water into the estuary. Both fresh-water flow and seasonal change in 
temperature have a profound effect on the condition of the water, and in assessing the condition of 
the estuary at any time their influence on it has to be allowed for. The temperature of so large a 
body of water as that in the estuary changes slowly; fresh-water flow on the other hand may 
fluctuate rapidly. The method of calculation developed by the Laboratory sets out to predict the 
condition of the water when it is in equilibrium with the various factors which affect it. In practice, 
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what have been compared are the predicted average condition of the estuary water when in 
equilibrium with the average fresh-water flow and temperature during periods of three months, and 
the average observed condition of the water during the same periods. Within three months, 
however, there may have been large variations in fresh-water flow and it is clear from the results 
in Chapter 17 of the Laboratory’s Report that the larger these are the greater will be the departure 
of the predicted state from that which is observed. It is shown that when account is taken of the 
fluctuations—which entails more work than could normally be undertaken—the discrepancy 
between prediction and observation is greatly reduced. The fact is that in most three-monthly 
periods, conditions—and particularly fresh-water flow—change so rapidly that the estuary is never 
in equilibrium with them, and the average quality of the water during that period cannot therefore 
be accurately predicted by the method used. However, the rate of change of flow is usually least 
at times when the flow is small. It is then that the quality of the estuary water will be at its worst 
and the likelihood of production of sulphide will be greatest. In forecasting what effect a change—for 
example in polluting load—will have, it is the change which will occur under these critical conditions 
which is of the greatest importance, and it is at these times that the estuary is most likely to be at, or 
approaching, equilibrium and the discrepancy between prediction and observation least. 


There remained the various uncertainties we have mentioned in the quantities on which the 
predictions as a whole are based; in view of the importance of these, for example in considering 
other estuaries, we discuss them briefly in the following paragraphs. 


First, uncertainties may arise from lack of sufficiently detailed and systematic information about 
the magnitude of some factors, even though the way in which they act is well understood. Of these 
the chief is the polluting load from the many sources entering the estuary. There was satisfactorily 
detailed information on the volume and composition of the major discharges of sewage effluent*, at 
least during recent years, but about other sources of pollution, including industrial wastes and smaller 
discharges of sewage effluents, and particularly perhaps about the pollution brought in by some of 
the tributaries, much less was known. No doubt also in as large an estuary as the Thames, there are 
at times sporadic and accidental discharges of polluting matter; certainly this must have been so 
during the war. Nevertheless we appreciate that information on discharges to the Thames is a good 
deal more complete than that which would be available for many other estuaries. 


A study such as that which we are describing requires an accurate knowledge of the rate of 
oxidation, at different temperatures, of the chief classes of oxidizable matter present in the estuary. 
These rates can be measured in the laboratory but it does not follow that they will be the same in a 
large natural body of water. Indeed, there is still much uncertainty on rates of oxidation in a 
fresh-water stream where there may be accumulated growths of bacteria on aquatic plants and on the 
bed and sides of the river. It seems fairly certain, however, that the rates adopted in the calculations 
on the ‘Thames Estuary, which are different for different classes of organic matter, must be 
substantially correct, probably because the estuary is so deep that the effect of bacterial growths 
on the sides and bed is of minor importance. 


An equally important matter is the rate at which, under different conditions, oxygen is absorbed 
from the air by the water. Though this rate can be determined directly and with some accuracy in a 
small river, the methods available cannot be used in so large a body of water as the estuary and 
the value has to be assessed by various indirect methods of approach. Here again, however, it seems 
clear that the values used in the calculations cannot be far wrong. For the calculations relating to 
any one three-monthly period, it was impracticable to take into account changes which might 
occur from day to day or from place to place in the estuary. It is known, for example, that the rate 
of absorption of oxygen increases considerably with increasing wind velocity; this was one of the 
factors which had to be ignored and which may bring about a discrepancy between prediction and 
observation in any particular period. 


It is in the middle reaches of the estuary, where the concentration of dissolved oxygen frequently 
approaches zero, and has often been zero, that the most complicated conditions obtain; it is here 
that nitrate plays an important part in the oxygen balance. All the experimental work pointed to the 
fact that nitrate is not utilized as a source of oxygen (except by interaction with anaerobic mud on the 
bottom) until the concentration of atmospheric oxygen in solution has fallen to a low level, and 
observations in the estuary support this. It is thought, however, that the information available on the 
exact value of the limiting concentration of oxygen at which reduction of nitrate begins, on the rate 
of reduction as this value is approached and passed, and on the effect of temperature on this rate, is 
the least satisfactory of that used in the calculations. The picture is complicated by the fact that, 
at some critical oxygen concentration, oxidation of ammonia to nitrate ceases, but here again there is 
uncertainty on the details of this transition. ‘To make the calculations possible, simplifying assumptions 
have been made and these appear to have given a reasonably correct picture. One point which was 


* At the time this report was sigyied, the discharge of surplus activated sludge from Mogden Sewage Works to the estuary 
was unknown to us (see p. 75). 
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in doubt when the work began, but on which more information is now available, is that when nitrate 
is reduced the product is almost entirely, if not wholly, gaseous nitrogen, which plays no further part 
in the oxygen balance. Taking this balance as a whole, oxygen made available by the reduction of 
nitrate represents only a small proportion of the total used in oxidation processes. The importance 
of the nitrate is due to the fact that it can be formed and accumulated in the less polluted parts of 
the estuary but is utilized in oxidation only in the most polluted reaches where the concentration 
of oxygen in solution is approaching zero. 


Another uncertainty concerns the part played by organic suspended solids in the oxygen balance. 
In the method of calculation used, an allowance has been made for organic matter taken out of the 
estuary by dredging and it has been assumed that the material carried in suspension moves with the 
water as though it were in solution. Obviously this is not wholly correct but it appears to be 
sufficiently true in the Thames not to invalidate the method of computation. In the Thames the 
chief deposits of organic material occur in that part of the estuary where the effects of pollution are 
most apparent. This is not so in some estuaries, where the main deposits of mud may be many 
miles from the chief sources of organic pollution; whether for such estuaries the same assumption 
about transport of suspended matter could properly be made is not known. 


Another source of uncertainty in the Thames concerns the part played by planktonic algae. 
During part of the) year (chiefly the second quarter) these produce an excess of oxygen by 
photosynthesis, leading to supersaturation in the water above ‘Teddington and in the sea, and raising 
the oxygen level by a significant amount throughout the seaward reaches of the estuary. The effect 
of photosynthesis can readily be seen from the observations of oxygen concentration made by the 
L.C.C. and shown in several diagrams in the Laboratory’s Report. It would be difficult to allow for 
this factor in predicting the distribution of oxygen, and no attempt has been made to do so; it does 
not, however, present any great difficulty in making the type of forecast on which future management 
of the estuary might be based. 

As we have said, in addition to information concerning the various ways in which oxygen is 
removed from the estuary by polluting matter, and is replaced from the atmosphere and from other 
sources, prediction of the distribution of oxygen in the water requires a knowledge of the way in 
which polluting substances are distributed in the estuary after they have been discharged from a 
given point. All the indications from the Laboratory’s work are that the theory of tidal mixing, 
which has been developed for calculating this distribution, is among the more reliable of the bases on 
which the predictions rest. Thus, given the distribution of salinity at any time, and a record of the 
flow of fresh water entering the estuary during a further period, the salinity distribution at the end 
of this period can be predicted quite accurately (Chapter 14). Another indication of the validity 
of the theory is given by the fact that knowing the input of heat to the estuary from numerous 
sources—mainly from electricity-generating stations—the distribution of temperature under various 
conditions of fresh-water flow can be predicted, again with some accuracy (Chapter 16). 


Expected future condition of estuary 


We have now arrived at the point where it is practicable to consider quantitatively the relation 
between the state of the estuary water and the major factors which affect it, and to predict what 
changes will occur if any of these factors is altered. Examples of prediction of this kind are given in 
Chapters 18 and 19 of the Laboratory’s Report. 


Perhaps the most immediately important question concerns the condition the estuary is likely 
to be in after the completion of the L.C.C.’s large programme of rebuilding and extension of their 
sewage-disposal works. At the time of writing (in 1963) the extension of the Northern Outfall Works 
had been completed. Hitherto, the sewage reaching the Southern Outfall Works—about 110 million 
gallons a day (m.g.d.)—has been passed through primary sedimentation tanks and then discharged 
to the estuary. Work is in hand however on the construction of an activated-sludge plant, which is 
expected to be in full operation by 1964, when the whole flow of sewage will receive biological 
treatment. 


The state of the estuary which, it is predicted, will exist after the Southern Outfall Works has 
been completed is shown in Fig. 278 (p. 509)*. The condition of the water will of course depend 
on the temperature and on the fresh-water flow. Temperature is highest, and flow usually lowest, in 
the third quarter of the year, and it is then that conditions are usually at their worst. It will be seen 
that even with a fresh-water flow at Teddington of only 170 m.g.d. the calculations indicate that 
nowhere should the central reaches of the estuary be anaerobic; the nuisance which formerly occurred 
through the evolution of hydrogen sulphide should therefore have been eliminated. It is however 
predicted that, under these extreme conditions, there will still be some 30 miles of the estuary in 
which the concentration of dissolved oxygen will not be significantly higher than 5 per cent of the 


*In this and all other predictions of future conditions it was assumed that there would be no discharge of surplus 
activated sludge from Mogden Sewage Works to the estuary. ; 
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saturation value; indeed the only reason why truly anaerobic conditions will not obtain over some 
part of this length will be that nitrate is being reduced by bacterial action, the oxygen thus made 
available supplementing that entering from the air. ‘There is little margin of safety under these 
conditions, a point to which we return later. It is interesting to note (Fig. 281, p. 513) that during the 
first quarter of the year, at times of comparatively high fresh-water flow (4000 m.g.d. at Teddington 
—three times the annual average flow of the Upper Thames), the concentration of dissolved oxygen 
is expected to be comparatively high, the minimum being not much below 30 per cent of the saturation 
value. It is conceivable that under these conditions—which are of course of comparatively rare 
occurrence—salmon might be able to pass through the estuary. 


Generally, after completion of the improvements by the L.C.C., the condition of the estuary 
water, though much better than in 1950, is not expected to have improved to the state in which it 
was in 1920-1930. There is one interesting exception to this—at times of high fresh-water flow it 
should be better than in 1920. The reason is that in 1964 the polluting matter discharged from the 
two L.C.C. works will be largely in the form of biologically treated effluent, whereas in 1920 it was 
in the form of settled sewage. The organic constituents of the treated effluent oxidize more slowly 
than do those of settled sewage, and when the fresh-water flow is high a large part of this pollution 
is washed out of the estuary before it has been destroyed by oxidation. 


Although it has been predicted that by 1964 there should no longer be any nuisance in the 
estuary caused by anaerobic conditions, there is evidence that the load of polluting matter reaching 
the sewage works which discharge to the tidal waters is steadily increasing. For example between 
the periods 1950-53 and 1960-62, the total volume of sewage effluents discharged direct to the 
estuary increased from approximately 428 to 489 million gallons per day, an increase of 14 per cent 
on the starting figure. Recent analysis of the figures for flow at the Northern Outfall Works of the 
L.C.C. indicate that from 1956 to 1962 there was an average annual increase of about 4-9 m.g.d. 
This represents an increase of about 2 per cent per year. It is difficult to obtain accurate figures for 
the changes in population served by the various works but the increases observed are generally in 
line with those occurring in other parts of the country. If the trend continued the condition of 
the estuary water would again deteriorate, unless of course additional plant were provided to treat 
the larger volume of sewage. 


It is clearly impossible to forecast future changes in polluting load at all accurately, but some 
calculations have been made to give an idea of what the state of the estuary would be if the flow to 
all the sewage works on the estuary increased by 40 per cent of that expected in 1964 (Fig. 293, p. 530). 
If no provision were made after 1964 for additional treatment, so that the increased flow of sewage 
did not receive biological purification but was discharged as settled sewage, then it is expected the 
state of the central reaches of the estuary would revert to a condition very like that observed in the 
period between 1950 and 1959 when a stretch of anaerobic water was always present during the 
summer months. On the other hand if those works at present producing an effluent with a 
biochemical oxygen demand lower than 20 p.p.m. continued to do so after the increase in flow, and 
if all the other works were extended so that after the increase in flow their efluent conformed with 
the Royal Commission ‘standard’ of 20 p.p.m., then, it is predicted, there should still be no nuisance 
from’ evolution of sulphide in the estuary, though, over a long distance, the concentration of 
dissolved oxygen would not exceed 5 per cent of the saturation value. To achieve this condition 
would of course mean that the Northern Outfall Works of the L.C.C. would need biological treatment 
plant for that part of their sewage at present discharged after sedimentation only (see fourth paragraph 
on p. xxi), as well as for the assumed addition of 40 per cent of the present flow. There must 
necessarily be a large measure of uncertainty in what may happen in the next 20 years or so, but the 
calculations are perhaps useful in showing that the estuary has still a reserve of purifying capacity, 
though if nuisance is to be avoided, major additions to sewage-treatment plants will be necessary if 
the polluting load to be treated continues to increase at its present rate. 


One matter which was considered by the Committee under the Chairmanship of Professor 
Pippard was the extent by which pollution of the estuary would have to be reduced to bring the 
water to a condition which would just allow the passage of salmon and thus the establishment of a 
salmon fishery. There is no precise evidence on what this condition would have to be. Clearly the 
concentrations of directly poisonous substances would need to be below the limits toxic to fish, and 
from what is known of the discharges to the estuary it appears that this is the case at present. One of 
the critical times of the year for salmon is in April and May, when young fish (smolts) bred in the 
upper river, are migrating to the sea. We were advised by the Chief Officer for Salmon and 
Freshwater Fisheries of the Ministry of Agriculture, Fisheries and Food that although there could 
be no certainty on the matter it might well be that a fishery could be established if, during these two 
months, the minimum concentration of dissolved oxygen in the estuary were not lower than 30 per 
cent of the saturation value in nine years out of ten. The Laboratory adopted this figure and 
attempted to calculate the order of the changes in polluting load which would be necessary to achieve 
this minimum condition, 
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There is some choice—by no means however unlimited—in the action which could be taken 
to bring about the required improvement. Thus, the quality of a few existing discharges could be 
greatly improved, or more of them could be improved to a smaller extent. In practice the choice is 
limited by the fact that a big reduction in load could be made only by improved treatment of an 
efHuent from which the load is at present great, and moreover the position of the discharge must be 
such that the reduction would lead to a rise in level of oxygen in the critical reaches of the estuary 
where it is at present at a minimum. We must emphasize that we have not considered in any way the 
policy of the future administration of the estuary; the discharges on which the calculations have been 
based were chosen from those available in the appropriate part of the estuary simply to give an 
indication of the order of what would be required. 


For the discharges considered, the chief requirements which the Laboratory’s calculations 
suggest would be necessary are that the biochemical oxygen demand of the two effluents of the 
L.C.C., and of those of the sewage works of Dagenham and West Kent (in all some 380 million 
gallons a day in 1964) should not exceed 20 parts per million and that some nitrification—10 per cent 
of the maximum possible—should have been achieved. Other smaller changes concern the discharge 
of storm sewage from Acton and the prevention of de-oxygenation by sulphite from power stations 
at Battersea and Bankside. This perhaps gives the order of what would be required, but the 
Laboratory emphasizes in its Report that the greater any proposed change in load discharged, the 
greater is the uncertainty in predicting what the effect of it will be. The changes set out, although 
very considerable, are smaller than those which were thought to be necessary (in 1958) when the 
calculations were made on which this part of Professor Pippard’s Report was based. There are two 
main reasons for the difference between those preliminary calculations and the more recent ones 
set out in Chapter 18 of the Laboratory’s Report. The first is that it is now thought that, during the 
critical months of April and May, the rate of reaeration of the estuary is greater than was formerly 
supposed; one substantial contribution to this is the oxygen released by the photosynthetic action 
of algae, which is high at this time of the year. The second is that the rate of oxidation of biologically 
treated sewage effluent is lower than that of settled sewage; this was known in 1958 but at that time 
(before an electronic computer was used) calculations involving more than one rate of oxidation 
in the estuary were both laborious and inexact. 


There would, with present knowledge, be a very distinct risk in making improvements of this 
magnitude in the expectation that a salmon fishery could be established, particularly since a level of 
dissolved oxygen of 30 per cent of the saturation value is not much above that at which smolts would 
be asphyxiated, and there is very little margin for error. Any improvement in the condition of the 
estuary would give a valuable opportunity for checking the accuracy of prediction and if necessary 
for adjusting the values used in the calculations. 

One such opportunity will occur when the new works at the Southern Outfall of the L.C.C. 
comes into operation. Moreover, we have recently been informed that the L.C.C. has authorized 
the design of further extensions to the purification plant at the Northern Outfall Works which 
would provide for complete treatment of the whole of the dry-weather flow; the predicted effect 
of these extensions is shown in Fig. 286, p. 520. At the same time we were told by the L.C.C. that 
further quantities of sewage might have to be accepted at the Southern Outfall Works, though the 
additional volume would be passed through the biological treatment plant before discharge. 'The net 
effect would be to reduce considerably the polluting load to the estuary and if this occurs it will 
provide another, even more valuable, opportunity of testing the validity of the Laboratory’s 
calculations. 


Influence of position of discharge on de-oxygenating effect of an effluent 


One of the advantages of the method of calculation developed during the survey is that the 
effect on the quality of the estuary water which would be brought about by the discharge of any one 
effuent or group of effluents, in the absence of all others, can be predicted. The sum of these 
effects for all the existing discharges gives the predicted condition of the estuary as a whole which, 
as we have said, agrees in a reasonably satisfactory way with that actually observed. As would be 
expected, the further seaward a given discharge is made, the smaller is the maximum de-oxygenation 
which it causes. For example (Fig. 279, p. 510) it is calculated that if there is a hot dry summer in 
1964 the maximum de-oxygenation attributable to the effluents from the Southern Outfall Works 
and from Mogden Sewage Works* will be similar; the flow from these two plants is roughly the 
same but whereas effluent from the Southern Outfall is expected to have a B.O.D. of about 
31 to 32 p.p.m., the Mogden effluent (which enters some 28 miles landward of the Southern Outfall) 
is expected to be about one-third of this. The position of the discharge is thus of great importance 
when assessing what effect a new discharge, or a change in an old one, would have on the estuary. 
Apart from the position and magnitude of the discharge, one has to take into account the expected 


* See footnote on p. xix. 
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rate of oxidation of its constituents and the flow of the Upper Thames for which the calculation is 
made. An increase in flow reduces the maximum de-oxygenation caused by discharges near the head 
of the estuary much more than it does that caused by those put in further seaward. 


An interesting exercise is to calculate what the condition of the estuary would have been if the 
points of discharge from the two works of the L.C.C. had been placed further seaward—a possibility 
which indeed was considered about the middle of the nineteenth century when the present outfalls 
were being designed, but which was abandoned on grounds of expense. It is clear (from Figs. 284 
and 285, pp. 517 and 519) that the intensity of de-oxygenation of the estuary water would have been 
substantially reduced the further seaward the discharges were made. This was of course to be 
expected, but we do suggest that if a major new discharge to any other estuary is being planned, it 
would be well worth while to consider as quantitatively as possible what effect the position of the 
outfall will have on the condition of the water. 


Calculation of the individual effects of the chief groups of effluents entering the Thames also 
allows one to see what measures would have to be taken to improve the quality of the water in some 
particular part of the estuary. It is clear, for example, from Fig. 279 (p. 510) that even at times of 
very low fresh-water flow, no great increase in the oxygen content of the water above London 
Bridge would result from improvements, however great, in the quality of the effluents discharged 
from the works of the L.C.C. in the middle reaches. This is the kind of question which has been 
raised, during our tenure of office, regarding some other estuaries and is of first importance if plans 
are being considered to improve their condition as economically as possible. 


Synthetic detergents 


As is now well known, the introduction of synthetic detergents as household washing agents has 
caused some serious difficulties in the treatment of sewage and has led to widespread complaints of 
the presence of foam on rivers to which sewage effluents are discharged. Another, less obvious, 
effect of the presence of detergent residues in surface waters is that they reduce substantially the 
rate at which the water absorbs oxygen from the air to replace that consumed in the oxidation of 
polluting matter. In the summer of 1954, when the Laboratory made a detailed survey of the Thames 
Estuary, surface-active material, which had formed part of household detergents, was always present, 
and the change in concentration from ‘Teddington to the sea followed a regular pattern with a 
maximum concentration usually of the order of 1 p.p.m. From detailed experiments in flowing water 
it is known that this amount considerably reduces the rate at which the estuary water can absorb 
oxygen through the surface. The extent of the reduction depends on a number of factors, including 
the presence in the water of other constituents of sewage and sewage effluents; taking these into 
account, however, it appears that the ability of the water to absorb oxygen would have been about 
20 per cent greater in the absence of detergent residues. ‘This is of great importance in an estuary 
where renewal of oxygen used in self-purification processes is a vital matter. It is calculated that the 
effect of detergents on the oxygen balance was equivalent to the introduction of some 50 tons of 
biochemical oxygen demand to the estuary per day—that is, in round figures, to the discharge of 
crude sewage from about a million people. There is evidence in the Laboratory’s Report (Chapter 13) 
that the rapid growth in the use of household detergents around 1950 coincided with a marked 
deterioration in the condition of the estuary. 


The concentration of surface-active material in the estuary is now probably less than it was 
10 years ago because since that time a new type of detergent base, which is more readily destroyed 
than the old by the microbiological processes employed in the treatment of sewage, has been put on 
the market. It has been announced also that plans are being made to produce yet more easily destroyed 
detergent bases so that the position may improve further in the future. If it does, the condition of 
the estuary should become significantly better than has been predicted in the Laboratory’s Report 
in which, because of the obvious uncertainty of what may happen, no allowance has been made for 
improvements which may follow from the use of these new materials. 


Effects of heated discharges . 


The regular seasonal change in temperature is one of the two main factors (the other being 
fresh-water flow) which affect the concentration of dissolved oxygen in the estuary for a given 
polluting load. It was natural therefore to enquire to what extent the anaerobic condition of the 
estuary which formerly existed was caused by a rise in temperature due to the heating of the water 
by passage through the condensers of electricity-generating stations, and this is one point we were 
asked to investigate. 


The effect of cooling-water discharges on the temperature of the estuary is discussed in Chapter 16 
of the accompanying Report. The maximum rise in temperature depends on the fresh-water flow, 
being greatest at low flows./In 1956 it did not normally exceed 5 degC and in dry weather occurred 
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at or above London Bridge, from which point the temperature fell steadily towards the sea; since 
that date the maximum rise has become less as a result of reducing the quantity of heat discharged 
to the upper reaches. A rise of 5 degC throughout the estuary, following a seasonal change in ambient 
temperature, would cause a fall in the general level of dissolved oxygen; the maximum change would 
occur in the central reaches (supposing that they contained sufficient oxygen for this to be possible) 
where the oxygen level would already be the lowest found in any part of the estuary. At this point, 
with a flow of 500 m.g.d. at Teddington, the fall for a 5 degC rise would be 10-15 per cent of the 
existing oxygen deficit (Fig. 287, p. 522). 

The effect of artificial heating of the estuary is expected to be less than this since, though the 
maximum rise in temperature is 5 degC, the average rise throughout the estuary is much less. The 
greatest effect is in the neighbourhood of London Bridge, for here the rise in temperature is greatest, 
but at a point some 10 miles seaward, where the minimum concentration of oxygen is normally 
found, it is calculated that even in 1951-54, when the condition of the estuary was at its worst, the 
effect of the heating was to increase the oxygen deficit by only about 4 per cent (Fig. 288, p. 523). 
In a general way this may be taken to mean that the total demand for oxygen at this point brought 
about by pollution was increased by 4 per cent by the artificial heating of the water. It is clear 
therefore that the effect is not a large one and it is certain that when the estuary was in its worst 
condition it would not have ceased to be anaerobic if the use of the water for cooling purposes had 
been entirely stopped. 


Nevertheless at the time when nuisance was occurring in the estuary this was being accentuated 
by the rise in temperature caused by artificial heating. At this time the central reaches were devoid 
both of oxygen and of nitrate, and sulphate was being reduced, liberating hydrogen sulphide; 
the rate of this reduction increases significantly with a rise in temperature which at times of low 
fresh-water flow would then have been about 2 to 3 degC due to artificial heating. From laboratory 
experiments it is thought that this must have caused an increase of roughly 20 per cent in the rate 
of evolution of sulphide. No doubt there will have been areas near the points of discharge of cooling 
water where the rise in temperature was greater than 2 or 3 degC. 


It is clear from what has been said that, from the point of view of the sanitary condition of the 
estuary, it would be an advantage if any future discharges of heated water were made well seaward 
of the critical reaches. 


Effects of changes in minimum fresh-water flow 


The flow of fresh water from the Upper Thames into the head of the estuary varies over a wide 
range—it has been as low as 20 million gallons per day; the annual average is about 1300 m.g.d., 
and the highest measured flow is about 15 000 m.g.d. These large changes, as we have said, have a 
- very important effect on the state of the estuary water, de-oxygenation being more intense the lower 
the flow. Before the sewage works of the L.C.C. were extended it was always during dry weather 
that nuisance from the evolution of hydrogen sulphide was at its worst. This being so, it had been 
suggested that in very dry weather the flow of the Upper Thames should be augmented. ‘The only 
immediately obvious way of doing this would be for the Metropolitan Water Board to cease drawing 
water from the ‘Thames at these times, though this would mean the provision of large additional 
reservoir capacity. We were asked to consider this possibility and it is discussed in the accompanying 
Report of the Laboratory. 


Briefly, if the flow from the upper river were increased from 170 m.g.d. (a value known as the 
‘Statutory Minimum’) to 440 m.g.d. (see Chapter 18)—which could be done if water were not 
abstracted for supply during these very dry periods—there would be a considerable improvement in 
the condition of the estuary water in the upper tidal reaches. This effect however would progressively 
diminish in a seaward direction and would be negligible in the present critical central reaches. It is 
therefore clear that this method would not have had any substantial effect in alleviating the nuisance 
which existed in the middle part of the estuary when the survey began. 


Management of the estuary 


No doubt in considering the regulation of polluting discharges to the estuaries of this country a 
wide variety of matters may have to be taken into account. Some estuaries may have popular bathing 
beaches, the amenities of which it is desired to protect; others may contain valuable shell fisheries 
which may be injured in different ways by different types of pollution. When we began our work 
the important feature of the Thames Estuary was that it had become anaerobic and a nuisance. For 
this reason we have been concerned almost entirely with its oxygen balance and, as far as we can see, 
this is likely to remain its most important aspect. This would still be so even if the load of pollution 
were reduced to such an extent that fish began to move into reaches in which they cannot at present 
exist, though if this did happen the control of the discharge of directly poisonous substances would 
also become important. 
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We have assumed that for the present it is the concentration of oxygen in solution in the water, 
and the effect on it of any proposed changes, which is of first concern, and in the last two chapters 
of the Laboratory’s Report methods are suggested by which the effect of a given change can be 
forecast. The labour involved in making such a forecast for a proposed new discharge depends on its 
magnitude and particularly on the position of the outfall. ‘The middle reaches of the estuary, centred 
on Barking, are the most critical, and this is likely to remain so since it is here that effluent from 
the treatment of over 300 million gallons a day of London’s sewage has to be discharged. It is clear 
also that there is little reserve of self-purifying capacity anywhere between Barking and Teddington; 
in these upper reaches comparatively little dilution is available and moreover some part of any 
polluting matter discharged to them will be carried downstream to the critical zone. Seaward of 
this zone, however, where the estuary rapidly widens and eventually merges with the open sea, there 
is a large reserve of purifying capacity. Here it would be possible, if this should be thought desirable, 
to discharge considerable quantities of oxidizable matter without depleting the concentration of 
dissolved oxygen to such an extent as to make any significant difference to the sanitary state of the 
estuary or even to its ability to support migratory fish. 


In the Laboratory’s Report, tables have been provided which give the expected change in the 
oxygen concentration which would follow from the discharge of a given weight of oxidizable matter 
at a given position in the seaward reaches. To obtain a true picture, the rates of oxidation of the 
constituents of the discharge must be known but, as in all the calculations made in the Report, this 
has been simplified by considering only substances which are oxidized at a ‘fast’ or ‘slow’ rate. As 
far as sewage is concerned, the fast rate applies to settled sewage of normal character and the slow 
to biologically treated sewage effluent. For discharges from sewage-disposal works, the effect on the 
oxygen distribution could no doubt be obtained with sufficient accuracy from a knowledge of the 
treatment processes used and from the biochemical oxygen demand of the resulting effluent. For 
a proposed new industrial discharge more detailed consideration might be necessary, and if the 
discharge were large, it would be prudent to determine the rate of oxidation by direct experiment. 


The matter is in fact simple unless the preliminary calculation, using the tables, indicates that 
the expected fall in the oxygen content of the water extends sufficiently far landwards to affect those 
reaches centred on Barking where polluting material is being oxidized by nitrate as well as by dissolved 
oxygen. In that case there is no simple method of predicting the effect of a new discharge and the 
more complex processes of calculation described in Chapter 17 would have to be employed; this 
would involve the use of a computer for which, however, most of the necessary programmes have 
already been drawn up during the Laboratory’s own work. 


Another matter, which is dealt with in the Laboratory’s Report and which we need not perhaps 
discuss here in detail, concerns the question of discharges containing nitrate or ammonia. We need 
only say that a discharge of nitrate can never affect the estuary adversely, and will be valuable if 
it reaches any part of the system in which the concentration of dissolved oxygen is low enough 
for it to be used in oxidation processes. Ammonia presents greater difficulty since it will combine 
with oxygen in the water while being oxidized to nitrate, but this nitrate in turn will be valuable 
if it reaches a part of the estuary where it can be utilized. : 


Applicability of methods of survey and calculation to other estuaries 


We have said that in advising that the work on the Thames Estuary should be carried out in such 
detail, one matter we had in mind was that we hoped that the methods of survey and calculation 
developed could be used in a simpler form in the study of other estuaries; it is already apparent that 
this is so. For example a carefully planned survey of the Humber was made by the four River Boards 
concerned, with advice and assistance from the Laboratory, in a matter of a few weeks. This survey, 
though naturally limited in its scope, has nevertheless given a useful picture of the condition of the 
estuary water and a strong indication of the relative effects of the chief sources of pollution on it. 


Probably the chief contribution of the work on the Thames to the study of other estuaries is not 
so much that particular methods of survey or computation have been developed, but that the 
mechanism of estuarine self-purification is now better understood, so that work can be planned to 
take account of those factors which are known to be of importance. 


One technique, however, developed during the work on the Thames, which is applicable to the 
study of other estuaries, and which greatly simplifies the consideration of data obtained from surveys 
of them, is the use of the ‘half-tide correction’ (Chapter 2). This method of comparison of data was 
used very successfully in the work already mentioned on the Humber. 


So far no attempt has been made to apply the methods of prediction described in the present 
report to calculate the effects of individual discharges on the quality of the water of other estuaries. 
To do so one would require a continuous record of fresh-water flow for at least several months, with 
frequent surveys of salinity throughout the estuary during the same period; from these data the 
‘mixing constants’ on which the whole theory rests would have to be worked out. It may of course 
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be that with further experience of other estuaries some simpler method of arriving at an approximate 
value of these constants would suggest itself, though it is not known whether this is likely to be the 
case or not. In any event the method of calculating the mixing in the Thames applies in its present 
form only to estuaries in which there is no marked vertical gradient of salinity; estuaries in which 
there is pronounced stratification of fresh and salt water are thought to present more difficulty. 


Purifying capacity of estuaries 

One of the results of the survey of the ‘Thames has been to emphasize that the narrower parts 
of estuaries have a comparatively limited capacity to purify polluting matter without nuisance. In a 
general way this was already known. ‘There are, for example, on the British coast several estuaries 
to which untreated sewage is discharged and which are approaching, if they have not already 
reached, the same anaerobic condition as had the Thames. Again, comparatively small discharges 
of toxic materials have been known to accumulate in an estuary until it became impassable to 
migratory fish. The survey of the Thames, however, has thrown a good deal-of light on the 
quantitative aspects of this. It has been calculated that, before the extensions were made, the sewage 
effluents discharged by the L.C.C. works would have raised the biochemical oxygen demand of the 
estuary water flowing past them during the flood of a spring tide by no more than about 1-2 parts 
per million. Continuing pollution at this rate, however, was sufficient to bring about completely 
anaerobic conditions for many miles above and below the points of discharge. One reason for this 
is that the water flowing to and fro is substantially the same water from one day to the next. Material 
discharged at the head of the Thames Estuary may remain within the estuarine system for two or 
three months at times of low fresh-water flow; thus when a polluting substance is discharged 
continuously it reaches a much higher concentration than would be expected merely by considering 
the volumes of water passing the point of discharge during the flood and ebb of the tide. 


Other adverse factors concern the rate of supply of atmospheric oxygen to the water. We have 
been surprised to find how small is the ‘exchange coefficient’ for oxygen in the 'Thames—this is 
the coefficient which expresses the rate at which oxygen passes from the air to the water under 
given conditions. It is true that this rate was significantly reduced from about 1949 onwards by the 
presence of constituents of synthetic detergents in sewage effluents discharged to the estuary but 
even before this time it was lower than might have been guessed, bearing in mind the powerful 
wave action found in the seaward parts of the estuary. Nevertheless, there is no doubt that the 
low value found from several lines of inquiry during the survey is substantially correct. Finally, a 
very potent factor which limits the purifying power of the Thames—and of most navigable estuaries— 
is that the water is deep, so that the solution of a given amount of oxygen at the surface causes a 
comparatively small increase in concentration in the volume of water lying below it. 


In conclusion 


We have thought it right to recommend that at this point the study of the Thames Estuary should 
be suspended and that the present account of the work should be published. We made this decision 
because we think that it should now be possible to manage the estuary on a reasonable basis of 
knowledge of what results will follow from those changes in conditions which may occur in the next 
10 or 20 years. At the same time we appreciate that much more remains to be discovered about the 
mechanism of self-purification in the Thames and in other estuaries, and indeed in surface waters 
generally. During the time which the present survey has occupied, and particularly during the last 
few years of it, much work has been done by research organizations in different parts of the world 
which would be of value in any future study of estuarine conditions, and no doubt this trend will 
continue. At present, for example, there is much activity in the development of sensitive recording 
instruments which should be a great help in any future work. We have made one positive 
recommendation—that the Laboratory should examine the condition of the Thames again in a 
few years’ time, when the effects of the improvements in sewage treatment now in hand should 
have become apparent; this will of course give an opportunity for checking the accuracy of the 
predictions which have been made in the present reports. For this reason we are glad to learn that the 
L.C.C. intends to continue its detailed surveys of the condition of the estuary water which have been 
carried out for so many years. 


We may perhaps conclude by saying that, during our consideration of the Thames, the point 
which has struck us most forcibly is the very detailed knowledge of an estuary which is required 
before an account can be given of its self-purifying mechanism and before a reasonable forecast 
can be made of what effects will follow from changes in polluting load. We think that this will no 
doubt apply to other estuaries and we suggest to River Boards, who have recently become at least 
partly responsible for their management, that it is a wise precaution to collect information, in as 
much detail as possible, on their present state, and on those factors, which certainly include 
fresh-water flow, temperature, and volume and character of polluting discharges, which affect it. 
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Finally, we must put on record our view that the work of the staff of the Water Pollution Research 
Laboratory, which is the basis of our own report and the subject of the 19 chapters that follow, has 
been most thorough, persistent, comprehensive, and imaginative. The problems which had to be 
faced were extremely complex, and in many instances elusive, requiring much patience and 
perseverance for their determination and solution. It is primarily due to these qualities that the 
investigation has reached a successful conclusion and permitted the presentation of this Report to 
be made possible. 


(Signed) H. W. CREMER, Chairman 
W. A.M. Ata 


FHS ALLEN 
S. G. BURGESS 
A. KEY 

D. M. NEwITT 
C. J. REGAN 
S. B. THOMAS 
| Opti # bah Thi a oh 

G. A. WILSON 


15th February 1963 


* Mr. W. A. M. Allan died in November 1963. The footnotes on pp. xviii, xix and xxi were added, and several 
minor textual alterations of an editorial kind were made, in January 1964, with the agreement of the remaining Members 
of the Committee. ’ 
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PREFACE 


‘THE starting point in the investigation described in this Report was the development of a mathematical 
representation of the movement and mixing of the water of the Thames Estuary by which, it was 
thought, the changes in the quality of the water which would follow given changes in the extent of 
pollution, or in other factors of importance, could be predicted. It was realized that in order to make 
use of this method of attack, a great deal would have to be discovered about the biochemical changes 
occurring in the estuary and about the means by which oxygen, utilized in these changes, is renewed 
from the air. It was appreciated also that, were all this known, the mathematical manipulation of 
the data would be extremely laborious. 


When the work began, little was known about the biochemical reactions which occur in a large 
body of polluted water, particularly under anaerobic conditions (which at that time existed in the 
Thames) and substantially no information was available about rates of reaeration in estuarine systems. 
Data concerning these factors were gradually collected by laboratory experiments and by field 
studies. This information was wanted equally for other purposes, as for example for the elucidation 
of the process of self-purification in fresh-water streams, and was applied in the consideration of 
these problems long before it was possible to apply it to the study of the Thames Estuary. Thus 
there were times when the investigation of the Thames proceeded very slowly, though the 
knowledge which would allow the advance to be continued was gradually being accumulated. There 
was a time also when the limiting factor was the laborious nature of the mathematical calculations 
carried out on desk machines. Help was then sought from the Department’s National Physical 
Laboratory, who transformed the situation by offering the use of one of their digital computers. 


It was thus not always easy to say what work truly formed part of the Thames investigation and 
what did not. In these circumstances it is difficult to name those members of the staff who were 
involved in the investigation, for at some time or other almost everybody has taken some part in it. 
The two Officers chiefly concerned however are easily identified; they are Mr. W. S. Preddy, who 
suggested and developed the methods of prediction used and who worked on the problem from 
the beginning, and Mr. A. L. H. Gameson, who joined the team in 1951, who was responsible for 
much of the experimental work and for the statistical analysis of the mass of data examined, who has 
drafted almost the whole of the Report, and who, in association with Miss N. H. Johnson, has 
edited all of it. Dr. J. Grindley was in charge of the laboratory at Tilbury between 1949 and 1954 
and was responsible for the surveys of the estuary reported particularly in Chapters 3, 7, and 11. 
Chapter 5 is by Miss N. H. Johnson; part of the work reported in Chapters 8 and 10 was carried 
out by Mr. A. B. Wheatland, and part of that in Chapter 13 by Mr. A. L. Downing. Mr. M. J. Barrett 
was engaged on the work throughout—up to 1954 he was at Tilbury and subsequently he played a 
leading part in the laboratory work and in the computations. Others who spent at least three years 
as members of the team include Mr. R. N. Davidson, Mr. H. Hall, Mr. I. C. Hart, Mr. C. G. Ogden, 
Mr. K. G. Robertson, Miss D. S. Rosenbaum, and Mr. J. F. Walshe. An important part of the work 
—operation of the computer and drawing up the programme for it—was carried out by 
Miss B. Webber of the Mathematics Division of the Department’s National Physical Laboratory, 
under the supervision of Mr. T. Vickers. 


The investigation would not have been possible without the very great help which the Laboratory 
received from the many authorities whose activities affect the estuary or who collect information 
concerning it. We are, of course, particularly indebted to the Port of London Authority and to the 
London County Council. From 1949 to 1954 the Port of London Authority provided, without charge, 
a surveying vessel and crew, and a specially equipped laboratory at ‘Tilbury, the base for the field 
work. From time to time the Authority, through its Chief Engineer, Mr. G. A. Wilson, also assisted 
by taking samples, by lending boats, and by making freely available records on the condition of the 
estuary and of the discharges to it. The London County Council through certain of its Officers—the 
Divisional Engineer (Main Drainage) (at first Mr. W. P. Warlow, then Mr. W. A. M. Allan, and 
later Mr. E. H. Vick) and the Chemist-in-Chief, Mr. C. J. Regan, and later the Scientific Adviser, 
Dr. S. G. Burgess—put at the disposal of the Laboratory the whole of the Council’s records on the 
condition of the estuary, on the discharges from the Northern and Southern Outfall Works, and on 
the discharge of storm sewage. The records of the condition of the estuary, which are complete 
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since before 1900 to the present time, are extremely detailed and extensive—probably far more so 
than for any other estuary in the world. It was only because the Laboratory had access to such a 
great body of information that the method of attack described in this Report was practicable. 


Detailed records of the flow of the Upper Thames have been kept by the Thames Conservancy 
since 1883 and these were made freely available to the Laboratory. An important factor in the 
investigation was the discharge of heated effluents, on which information was supplied throughout 
the work by the Central Electricity Generating Board, who are responsible for most of them, and 
by the other organizations with similar discharges. Records were supplied by most of the sewage 
works discharging to the estuary. All the private industrial firms and public authorities discharging 
efHuents direct to the estuary gave every assistance in obtaining a record of their volume and 
character. 


It is impossible in a short preface to thank individually the very large number of organizations 
who helped; they are all, however, noted in the index at the end of the Report. 


It is a great pleasure to acknowledge on behalf of the Laboratory the enthusiastic support and 
assistance which has been received throughout this long and often tedious investigation from the 
Thames Survey Committee under the Chairmanship of Mr. H. W. Cremer. 


B. A. SOUTHGATE 
Director 


WATER POLLUTION RESEARCH LABORATORY, 
Elder Way, 

Stevenage, Herts. 

January 1964. 


CHARTER 


Introduction 


In the middle of the nineteenth century the foreshores and water of the Thames Estuary in the 
vicinity of the City of London were fouled by the sewage discharged from numerous outlets, while 
in the metropolis there were many open sewers and grossly polluted watercourses. In 1856 the 
Metropolitan Board of Works (later to be incorporated in the London County Council) was established 
and given the duty of constructing a system of main drainage. Within 10 years the Northern and 
Southern Outfall Sewage Works were brought into operation, and the condition of the estuary 
was thereby improved in two ways—by abolishing the discharge of crude sewage on to the banks, 
and by moving the points of discharge toward the sea and so providing more water for dilution 
of the polluting matter. Since 1889 the sewage has been passed through sedimentation channels 
before being discharged to the estuary, the settled solids being dumped in the sea. 

For more than half a century after treatment of sewage was begun, conditions in the estuary 
were not offensive; nevertheless, with the continual increase in the total population served by this 
and other sewerage systems, in the amount of water used for domestic purposes, and in the discharge 
of industrial wastes (both to the sewers and direct to the river), the condition of the water of the 
estuary had been deteriorating for several decades before the start of the present survey. There 
were times between 1920 and 1940 when, in hot weather following prolonged periods of drought, 
the dissolved-oxygen content of the water fell to zero for a short time at some places, but it was 
not until 1947 that it remained at zero throughout the July-September quarter. 

During the next few years, anaerobic conditions became more frequent and more extensive; 
in 1950, 1957, and 1959 the maximum length devoid of a trace of dissolved oxygen in solution 
reached 30 miles. Under such conditions sulphide is produced in large quantities and is found, not 
only in solution and suspension in the water, but also (as hydrogen sulphide) in measurable 
concentrations in the air above the estuary and sometimes several miles from it. By 1950 the 
occurrence of hydrogen sulphide was causing widespread concern; there had been reports of damage 
by the tarnishing of certain metals and discoloration of lead-based paints both on shore and in 
vessels on the river. People working on or close to the estuary complained on many occasions 
of the offensive smell, and the importance of alleviating the condition had been raised several 
times in Parliament. The sulphide in solution was reported not only to have discoloured paintwork 
but also, in some cases, to have corroded ships’ propellers and condenser tubes. The relation 
between the chemical condition of the estuary and the rate of corrosion was outside the scope of the 
Laboratory’s investigation, but this subject is at present being studied by the Department’s 
National Chemical Laboratory!*. 

It was generally agreed that the basic cause of the trouble was excessive pollution, but not 
very much was known about the effects on the condition of the estuary of the several factors which 
might be expected to influence it. The two most important of these factors were thought to be 
temperature and fresh-water flow. It was clear, therefore, that quantitative information on the 
effects of temperature and flow on the condition of the estuary would be required before a policy 
for the future regulation of the estuary as a whole could be formulated. Moreover, at the start 
of the survey the relative importance of the various discharges of sewage efHuents and industrial 
waste waters in causing the observed conditions in the estuary was not known and had to be evaluated. 
These discharges enter the estuary at numerous points between ‘Teddington Weir (the upper limit 
of tidal movement) and the sea, and it is to be expected that the effect of a given effluent will be 
less the nearer the sea it is discharged, since the volume of estuary water available for dilution 
increases generally in a seaward direction. Quantitative information was required before any system 
of standards of quality for effluents allowable at different points could be formulated. The object 
of the work described in the present report has been to provide information on which to base a 
general policy for preventing nuisance in the estuary at as small a cost and with as little interference 
with national interests as possible. 

The water entering the estuary over Teddington Weir is generally, but by no means always, 
nearly saturated with dissolved oxygen and does not contain very high concentrations of polluting 
matter. Most of the tributaries flowing direct to the estuary are more polluted than this and some 
are very polluted. 

By far the greatest quantity of polluting matter discharged to the estuary is contained in the 
two sewage effluents of the London County Council, one from the Northern Outfall Works, about 


* Literature references are given at the end of each chapter. 
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113 miles below London Bridge, and the other from the Southern Outfall Works, almost exactly 
2 miles further seaward. At the Northern Works all the incoming sewage receives treatment 
by settlement. In 1954 nearly a quarter of the settled sewage was treated daily in an activated-sludge 
plant which had been brought into operation between 1932 and 1946; the remainder of the sewage 
was discharged without further treatment. ‘The flow reaching the Southern Outfall Works is roughly 
half that reaching the Northern and, during the period of the investigation, was discharged, after 
sedimentation, without further treatment. Very considerable extensions have recently been made 
to both works; the effects of those at Northern Outfall on the condition of the water of the estuary 
are examined later in this report but those at Southern Outfall were not completed in time for 
their effects to be examined. In most of the area drained by the L.C.C. system the sewers carry 
surface water in addition to domestic sewage and trade wastes. Consequently, during rainy weather, 
crude sewage is discharged direct to the estuary through storm sewage outfalls, all of which are 
within 10 miles of London Bridge. 

The amount of polluting matter discharged in effluents from other sewage works is appreciably 
less. One of the largest discharges, with a flow rather less than that from Southern Outfall, 
is from the West Middlesex Main Drainage system, the effluent entering at a point about 4 miles 
below Teddington. This sewage is treated in a large modern works employing the activated-sludge 
process, and up to about 1950 the effluent was of very good quality though during the next few years 
it deteriorated; the works have now been extended and the quality of the effluent improved. Of the 
remaining sewage works on the banks of the estuary the largest is the West Kent Works at Dartford 
where the sewage is treated by sedimentation only. In addition, there are about 20 smaller works, 
some of which must have a negligible effect on the condition of the estuary. On average, during the 
July-September quarter of the year, the volume of sewage and sewage effluent discharged to the 
estuary between Teddington and Southend is roughly the same as the volume of fresh water 
entering the estuary from the Upper Thames. 

Many of the industrial effluents from plants on the banks of the estuary are discharged to the 
sewers of local authorities. Some industrial wastes, however, flow direct to the estuary, among the 
most important being those from paper and board mills, gas works, and (until 1954) fermentation 
industries. From a brief survey, described later, it was estimated that in 1950-53 the total polluting 
load discharged per day from industrial premises direct to the upper 50 miles of the estuary was 
about a fifth of that from the two sewage outfalls of the L.C.C.; by 1962 the load from the direct 
industrial discharges had been reduced to half the 1950-53 value. 

For many years the temperature of the estuary tended to rise as a result of the discharge of 
increasingly large volumes of cooling-water from electricity-generating stations; from 1932 to 1960 
there was more than a fivefold increase in the rate of heat rejection by the Thames-side power 
stations. In 1954 the total volume of cooling-water used during the year was approximately equal 
to the volume of fresh water passing over Teddington Weir, and during the July-September 
quarter the average maximum temperature in the estuary was about 3 degC higher than the tempera- 
ture of the river at Teddington, and 5 degC higher than off Southend. In recent years there has 
been a shift of generating capacity seaward, and since 1959 the effect of heated discharges on the 
temperature of the upper and middle reaches* has been reduced. 

In considering the Thames Estuary there was one great asset which would not usually be 
available—the condition of the water had been recorded in great detail by the L.C.C. for over 
50 years. Moreover, for this period there were records of fresh-water flow and, to a limited extent, 
of strength and rates of discharge of sewage effluents, and of the volume and temperature of 
cooling-water from generating stations. Since both the temperature and the degree of pollution 
changed significantly during this period, it seemed likely that an examination of all the data for 
that time would give an estimate of the relation between the condition of the water and the factors 
which affect it. It was decided, therefore, to make a detailed statistical examination of the records 
which were placed at the disposal of the Laboratory by the L.C.C. 

It was realized from the first that an investigation of the Thames Estuary, if it were at all likely 
to yield answers to the questions posed, was certain to occupy several years and the work was planned 
on this basis. From the many public authorities concerned, data were collected on the flow of 
fresh water, on the temperature of the sea and upper river, and on other factors which might be 
expected to influence the chemical condition of the water, and during the early part of the investi- 
gation regular examinations were made of the condition of the estuary water at all times of the year. 
It had already been found by the L.C.C.—and was soon confirmed by the Laboratory—that 
hydrogen sulphide is evolved only when the estuary water is wholly or nearly devoid of dissolved 
oxygen. It was not until much later that the full importance of the réle of nitrate was appreciated. 
If nitrate is present in the water it is reduced in preference to sulphate and, whereas at the beginning 
of the work the emphasis was always on the dissolved oxygen, in the closing stages account was 
taken not only of this factor but also of the oxygen available in nitrate. 


* Tt is frequently convenient tg divide the estuary into three parts—the ‘upper’ reaches starting at Teddington, the 
‘middle’ extending roughly from London Bridge to Gravesend, and the ‘lower’ from there to about Southend. 
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If it were possible to determine the rate of entry of oxidizable matter to the estuary, its distribution 
under tidal action, its rate of oxidation under different conditions, and the rate of entry of oxygen 
to the estuary from the air or from other sources, it would be possible to draw up a balance sheet 
for the whole system, to explain the distribution of dissolved oxygen observed under different 
conditions, and to predict the distribution under any other conditions. Accordingly, a survey was 
made of the various sources of polluting matter entering the estuary, including the fresh-water 
discharges, to give an estimate of the rate of input of oxidizable substances. The rate of oxidation 
of these materials in estuary water under different conditions was then studied. Measurements were 
also made, both in the estuary and in tanks and channels in the laboratory, to determine the effects 
of various factors on the rate at which oxygen dissolves in water from the air. Before the information 
thus obtained could be used it was necessary to develop and verify a theory which would predict 
the distribution in the estuary of material discharged to it at known points and then dispersed by 
the combined action of fresh-water flow and tidal movement. The lack of such a theory had greatly 
limited the value of work undertaken by the Laboratory on other estuaries—for example those of 
the Tees and Mersey*—and much of the total effort of the present investigation was given to 
the solution of this problem. | 

In Chapters 2-4 the physical characteristics of the estuary, and the quantity and nature of the 
various discharges entering it, are examined. The next three chapters are concerned with changes 
in the condition of the estuary, and this section includes, in Chapter 6, a statistical analysis of some 
30 years’ records. The various processes of oxidation relevant to the condition of the water are 
discussed in Chapter 8 and, arising from this and from the information concerning the sources 
of pollution examined in Chapter 4, the effective loads of oxidizable material entering from these 
sources are assessed (Chapter 9); reduction processes are considered in Chapter 10. The results 
of physical and chemical examination of bottom deposits and a study of the overall balance of solid 
matter in the estuary (Chapter 11) are followed by a corresponding study of the balance of oxygen 
(Chapter 12). From this latter balance a figure is obtained for the average rate of solution of atmos- 
pheric oxygen; other methods of determining this rate are discussed in Chapter 13, where the 
factors which affect it are also examined. The next five chapters are concerned with the development 
of a theory of tidal mixing for the Thames Estuary (Chapters 14-15) and of the use of this theory, 
initially in calculating the distributions of temperature (Chapter 16) and of oxygen (Chapter 17) 
in the estuary and comparing them with the observed distributions, and then in attempting to 
calculate the changes to be expected in the estuary if certain changes were made in the controllable 
factors that affect its condition (Chapter 18). Finally, the application of the knowledge gained 
from the whole work to the management of the Thames and other estuaries is discussed (Chapter 19). 
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The Thames Estuary, a map of which is to be found at the end of the volume, is bounded on the 
landward side by Teddington Weir, the position and height of which are such that the effect of the 
tide is observed up to this point but no further—unlike such estuaries as the Tees, Tyne, and Wye 
which, having no such obstruction, are tidal for a greater distance during spring tides than 
during neaps. 

In the present survey little account has been taken of the difference between spring and neap 
tides; average tidal conditions have been assumed in almost all the calculations that have been made, 
and in most of the work monthly or quarterly averages of the results of observations have been 
used rather than those for particular days. 


DISTANCES 


It is customary to express the position of any point in the Thames Estuary in terms of its 
distance in statute miles* from London Bridge. This distance is measured along the centre-line 
of the navigable channel which is marked on the large-scale charts of the Port of London Authority 
and is based on measurements made by the Authority’s Hydrographic Department. The Authority 
also publishes annually a Handbook of Tide Tables, Particulars of Docks, &c.1 in which there is a 
table of distances of various marks from London Bridge when these marks ‘are abeam of the normal — 
course’. All distances quoted in this report are either taken from the handbook or have been obtained 
from charts. If the ‘normal course’ were to be changed the distance tables would require amending 
accordingly. During the period of the survey, the only alterations in the table were due to the 
re-naming of some of the mid-channel buoys in Sea Reach during 1950. 

Since the scale of distances relates to mid-channel, the scale on land may be considerably 
distorted where there are sharp bends in the estuary; the true separation of two objects on the 
bank may thus differ appreciably from the separation given by the P.L.A. scale of distances. 


TOPOGRAPHY 


Below ‘Teddington Weir, which lies nearly 19 miles above London Bridge, the district is at 
first mainly residential, but within 10 miles the river enters a more thickly populated and industrial 
area. Between Teddington and London Bridge the estuary widens from about 300 ft to about 800 ft. 
Below London Bridge it is increasingly used by shipping, and there are extensive systems of docks 
from the St. Katharine Docks (3 mile below London Bridge) to the Royal Albert Dock, 10 miles 
further downstream. From there to the Tilbury Dock system (about 26 miles below London Bridge) 
the banks are less densely populated although there are several large industrial concerns. Opposite 
Tilbury Docks the width of the estuary is nearly 3000 ft. The land surrounding the next 10 miles is 
largely marsh, and there has been relatively little development; the width continues to increase on 
proceeding seaward and is about 10 miles at what may perhaps be regarded as the end of the 
estuary—50 miles below London Bridge and nearly 69 miles below ‘Teddington. Southend-on-Sea 
lies on the north shore of this final section, and on the south the estuary is joined by that of the 
River Medway. Typical views of sections of the estuary from Teddington Weir to Gravesend Reach 
are shown in the frontispiece and Plates 1 to 10 (between pp. 25 and 26 and facing p. 48). 

In different parts of the Laboratory’s investigation, it has been found convenient to consider 
the seaward limit of the estuary to occur at different places: in Chapters 4 and 9, totals for the 
polluting loads are given only for polluting discharges entering upstream of 32 miles below London 
Bridge; in Chapter 11, when considering the balance of solid matter, the seaward limit has been 
taken as 41 miles; in Chapter 12, when examining the balance of oxygen, the boundary has been 
considered to be 424 miles below London Bridge at half-tide; and in Chapters 15 and 17-19 the 
calculations refer to as far downstream as 50 miles. . 

The variations in width, depth, and cross-sectional area along the estuary at the mean tidal 
level are shown in Fig. 1(a-c), and the cumulative surface area from ‘Teddington in Fig. 1(d). 
These diagrams have been derived from the mean tidal levels discussed in the next paragraph 
and from the results of the P.L.A. surveys referred to on p. 7. 


* 1 statute mile = 1760 yd. Conversion factors to metric units are given on p. 581. 
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Fic. 1. Variation in width, mean depth, cross-sectional area, and cumulative surface 
area, with position in estuary when water is at mean tidal level 


TIDAL LEVELS 


The average effect of the tide on the level of the water is shown in Fig. 2. The values for 
London Bridge are the averages of the means for spring and neap tides during 1925-28, and were 
taken from Admiralty Tide Tables; figures for the other points were found from the tidal records 
of the London County Council, Port of London Authority, and Thames Conservancy. About 
a year’s observations were used in arriving at each of these averages; the calculations were made in 
1951 and the data were selected from the records for 1943-49, the year chosen being any one in 
which the recording gauge was not out of action for more than a few days. Where short gaps occur 
in the records the missing readings have been estimated from those taken at adjacent stations. 
In general, the effect of fresh-water flow on the level is slight except above Richmond Lock 
(15-5 miles upstream from London Bridge), but at times of very high flow the level may be raised 
appreciably, even as far downstream as London Bridge. The year used in calculating the average 
levels immediately below the weir at Teddington was 1946; in this year the mean flow was within 
1 per cent of the average for 1918-1962 (see Table 1, p. 11). 
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Fic. 2. Variation of average high-water and low-water levels with position in estuary 
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The average tidal range between high and low water, as found from the data of Fig. 2, is shown 
in Fig. 3. At London Bridge the ranges during spring and neap tides are about 15 per cent greater 
and less respectively than under average tidal conditions; at times of spring tides the mean level 
of the water at London Bridge is rather more than a foot higher than at neaps. 
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Fic. 3. Range of water level during average 
tidal cycle in absence of surface disturbance 


TIDAL INTERVALS 


The mean period of the tidal cycle is 12 h 25 min and this figure has been used throughout the 
work except occasionally when considering the tides on particular days. The average time intervals 
between high water at London Bridge and local high and low waters at points throughout the 
estuary are shown in Fig. 4 and were obtained almost entirely from the Port of London Authority 


Handbook of Tide Tables, &c.1 for 1950. 


—= 





Later— 
NI- 








HOURS 
oO 


_ «Earlier 





























De 
20:50 <= Oe OR 205040 10+ 0— 10 > 20 oe a 


Above Below Above Below 
MILES FROM LONDON BRIDGE 


Fic. 4. Average time of local high and low water relative to high water at London Bridge 


COMPARISON OF SAMPLES TAKEN AT DIFFERENT TIDAL STATES 


Values of such factors as the salinity and the dissolved-oxygen content of two samples taken 
at the same point in the estuary, but at different states of the tide, are likely to differ appreciably, 
since the samples will have been taken from different bodies of water. If it is assumed that under 
the action of the tide the water moves up and down the estuary without longitudinal mixing, then 
two samples, taken at different points but at times such that the volume of water between the 
sampling point and Teddington Weir is the same for both, may be expected to have similar 
compositions, provided that the time interval between the samples is not too great. Accordingly, 
it may be supposed that if the figures for the salinity of a number of samples taken at random 
throughout the estuary at various times during one day, were plotted against the position in the 
estuary from which they were taken, they would not lie on a smooth curve but within a fairly wide 
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band, but that if they were plotted against the volume of water lying between the sampling point 
and Teddington Weir at the moment of sampling they would lie close to a smooth curve. This, in 
fact, is found to be the case. 

Plotting against the volume is inconvenient, since if the sampling positions are spaced at 
approximately equal intervals along the estuary all the points at the upper end will be crowded 
together while those in the lower reaches will be spread out; however, the volumes may be converted 
back to distances by replacing each volume by the position of its seaward end at a particular 
state of the tide. 


VOLUME OF THE ESTUARY. 


To make this adjustment to a particular tidal state it is necessary to know the volume of water 
between Teddington Weir and any point in the estuary at any moment of the tidal cycle. The method 
used in determining this was as follows: the variations in the level of the water throughout a complete 
tidal cycle at 19 points from Richmond Lock to Southend had been recorded by the P.L.A. on 
2nd November 1948, and from these data, together with those for average tidal conditions referred 
to above, the variation in level during the average tidal cycle was estimated; from the same survey 
by the P.L.A. the cross-sectional area corresponding to the level at successive intervals of 20 min 
throughout the tidal cycle was found; assuming the cross-sectional area to change linearly from 
one section to the next, the areas were multiplied by the intermediate distances and the resulting 
volumes were summed; then, the reach between Teddington Weir and Richmond Lock was 
considered, using more figures supplied by the P.L.A.; and finally, the total volume from Teddington 
Weir down to each of 26 points in the estuary was calculated by interpolation (37 volumes were 
found for each point so as to extend over the whole of the tidal cycle, using 36 intervals of 20 min 
- and one of 25 min). 


EQUIVALENT HALF-TIDE POSITION 


To convert the volumes back to distances the mean volume over the tidal cycle was calculated 
for each station and plotted against the distance along the estuary (Fig. 5). The positions equivalent 
to the 37 volumes during the tidal cycle were found from this graph, and plotted against the time 
from local high water. Tables were then drawn up to show the position equivalent to each minute 
of the average tidal cycle. For samples taken from any other point in the estuary, interpolation 
between two tables gives the required position. This position is termed the equivalent half-tide 
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Fic. 5, Calculated volumes of water between Teddington Weir and 26 points in estuary 
under average tidal conditions 
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position, but it may be noted that the adjustment is not made to exactly half-tide conditions, as 
half-tide is normally defined as the instant when the level of the water lies midway between the 
high and low water levels. At half-tide on the ebb there is more water upstream of any point than 
at half-tide on the flood; consequently, it is more suitable to use the instant when the volume of 
water to landward is equal to its average value over the average tidal cycle. 

The effect of making this adjustment may be seen in Fig. 6 where the first graph shows quarterly 
average values of the salinity plotted against the position in the estuary from which the samples 
were taken. These figures are from analyses made by the L.C.C.; some of the points represent 
averages of fortnightly samples, others of weekly, while each of the two at 11-4 and the two at 
13-6 miles is the result of averaging about 65 figures. All the samples were taken from a depth 
of 6 ft below the surface in mid-stream. Different symbols have been used to distinguish between 
samples taken around low water, around high water, and at intermediate tidal states. In Fig. 6(b) 
the same salinity figures have been used, but for each sample the equivalent half-tide position has 
been calculated and the average salinity in each group is plotted against this position. Figures 6(c) 
and (d) are similar to (a) and (b) but refer to dissolved oxygen instead of to salinity. It is seen from 
these figures that by making this adjustment to the sampling positions the composition of samples 
taken at different tidal states at different points in the estuary may be compared. 
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Fic. 6. Effect of adjusting positions of sampling to equivalent half-tide position. Averages for 
4th quarter of 1954 


(a) and (c) plotted against actual sampling position; (b) and (d) plotted against equivalent half-tide position 


Limitations 


The adjustment of sampling positions to half-tide was calculated for an average tide. It was not 
considered necessary to calculate the adjustment for spring and neap tides although these differ 
appreciably from the average. For a spring tide the mean depth of the water is greater, and the 
range of levels during the tidal cycle is larger, than for an average tide. The net result of these factors 
is to cause the distance of tidal flow during spring tides to be considerably greater than during the 
average tide; the difference will depend on the position in the estuary but, except in the upper 
reaches where the effect will be smaller, the error in the adjustment to half-tide conditions for 
samples taken near high or low water at spring or neap tides will be about half a mile. Consequently, 
if two curves are drawn showing the salinity, or oxygen content, of water throughout the estuary 


HYDROGRAPHY 9 


at a spring tide plotted against the half-tide position—as calculated for the average tide—then, if one 
curve refers to samples taken at high water and the other to samples taken at low water, the two 
curves may be expected to be separated by a distance equivalent to about a mile in the middle and 
lower reaches of the estuary, and to converge at the head of the estuary; the curve for the high-water 
samples will lie upstream of the curve for the low-water samples. If similar curves are drawn for 
samples taken at a neap tide the separation of the two curves will be of the same order as before, 
but this time the high-water curve will lie downstream of the low-water curve. 

Small errors in the half-tide adjustment will also arise from variations in the cross-sectional 
area which were not taken into account in the calculations, since areas at only 19 points over a 
distance of about 60 miles were used. Another source of error will be the departure of tidal conditions 
from the average as the result of such factors as strong winds and changes in atmospheric pressure. 

When considering rapid changes in concentration—caused either by chemical change or when 
the water flows past an outfall where an effluent is discharging—the half-tide adjustment is not 
entirely applicable. With a substance, such as sulphite, which is rapidly oxidized in the water, 
there is a systematic variation in the concentration during each tide at points having the same 
half-tide position. When the water has just flowed past a point where sulphite is discharged the 
concentration is relatively high, but nearly all this sulphite will have disappeared before the water 
has flowed far. 

Again, the adjustment to half-tide is not accurate if the property of the water under consideration 
varies over a cross-section. For instance, a little above London Bridge the temperature is highest 
near the banks where the heated water enters from power stations, and this water mixes only 
slowly with the colder water of the centre. The concentration of some sewage effluents and other 
polluting discharges will also vary over the cross-section, but where the oxygen content of the water 
is being examined this effect will not be very important because, in general, only a few hours will 
elapse before the effluent is fairly well distributed over the cross-section and during this time the 
uptake of oxygen will be slight. 

In places where the tidal flow is smaller or not much greater than the flow of fresh water the 
validity of the half-tide correction is again doubtful. Above some point in the upper reaches, 
whose position will depend on the condition of tidal and fresh-water flow, the direction of flow of 
the water never reverses, so that although at low water a particular substance may be present at a 
given point, it may never travel upstream to the point which it would be expected to reach by tidal 
action in the absence of fresh-water flow. 


Applications 

Nevertheless, in spite of these various shortcomings it is clear from Fig. 6 (which is not a special 
case but is typical of the results obtained) that this method of adjusting sampling positions is of 
considerable value. This is particularly so when calculating the average condition of the water over 
a long period—say three months—as then the errors in the adjustment for alternate spring and neap 
tides tend to annul each other. For the comparison of samples taken over a day or two, especially 
at springs or neaps, it is often more satisfactory to plot against the salinity than against the half-tide 
position—except at the upper end of the estuary where the salinity is almost independent of the 
position, or at times when the fresh-water flow is changing rapidly. When comparing individual 
readings over a long period it is best to use the half-tide adjustment, but errors up to rather more 
than a mile must be expected for some points. 

A different method of making this adjustment to half-tide conditions has been used successfully 
in the Humber Estuary*; this made use of data for the chloride content of the water obtained at 
a number of sampling stations throughout a complete tidal cycle. However, neither method was 
found to be applicable in a short-term examination of the Parrett Estuary* where no consistent 
relation was found between dissolved oxygen and chloride content. 


TIDAL EXCURSION 


The mean tidal excursion, or the average distance that a molecule of water would travel along 
the estuary from slack water to slack water as a result of tidal action in the absence of displacement 
by fresh water, may be found by drawing a horizontal line between the two outer curves of Fig. 5; 
the half-tide position is given by the intersection of the same line with the middle curve. Thus 
water for which the equivalent half-tide position is at London Bridge will be about 45 miles upstream 
just after high water and 44 miles downstream shortly after low water. The tidal excursion is plotted 
against the half-tide position in Fig. 7 where it is seen that over most of the estuary the excursion 
lies between 8 and 9 miles. In practice, the direction of flow may be seaward throughout the tidal 
cycle near the head of the estuary at times of high flow, but even then this concept of tidal excursion 
will be found useful when considering the distribution of effluents in the estuary. 


*Gameson, A. L. H., Barrett, M. J., and Preddy, W. S. Paper to be presented at the 2nd International Conference on Water 
Pollution Research, Tokyo, 1964. 
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Fic. 7. Average tidal excursion about half-tide position 


DISCHARGE OF UPPER THAMES 


In addition to the tidal movement of the water to and fro in the estuary there is a continuous 
seaward displacement caused by the entry of land water, the most important source of which is 
the River Thames. At Teddington Weir the discharge from the river to the estuary has been 
gauged by the Thames Conservancy since 1883. The discharge of the river at this point is less than 
it is a few miles upstream, owing to abstraction from the Upper Thames for water supply, mainly 
by the Metropolitan Water Board. In 1885 the rate of abstraction was about 80 mil gal daily; by 
1955 it was just three times as great. Figure 8 shows how the rate varied over a period of 80 years®; 
it is seen that it changed fairly steadily, the average yearly increase being 24 m.g.d. 
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Fic. 8. Annual average rates of abstraction of water from Upper Thames for water supply 
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GAUGED FLOW 


The range of variation in the daily flow gauged at Teddington is very great. For instance, 
while the average flow from 1883 to 1962 was 1287 m.g.d., the daily figures ranged between 17 m.g.d. 
(on 29th October 1934) and about 15 000 m.g.d. (on 18th November 1894). Quarterly and yearly 
averages for 1915-1962 are listed in Table 1, and monthly figures for 1949-1962 in Table 2. 
Typical day-to-day variations in the gauged flow during periods of a month are shown in Fig. 9. 
The general seasonal variations in flow are indicated by Fig. 10 where the average flows for 
corresponding months in three periods are plotted. The earliest data, indicated by the circles and 
continuous curve, are for 1883-1917 which is the 35-year period used by the Thames Conservancy 
for all standard averages. The other data plotted in the diagram are for the next 35 years, and for 
the subsequent 10 years (1953-1962). 


Table 1. Quarterly and yearly averages of the gauged flow of the 
Thames at Teddington (m.g.d.) 















































Period Ist Quarter 2nd Quarter 3rd Quarter 4th Quarter Average 
1915 4642 1149 678 2225 2163 
1916 4042 2078 602 2259 2241 
1917 2273 1165 1060 1631 1529 
1918 1896 1406 590 1672 1388 
1919 3976 1766 706 1043 1862 
1920 1911 1705 859 1031 1374 
1921 1617 333 84 178 548 
1922 1189 899 475 691 811 
1923 2787 1321 343 1312 1434 
1924 2190 1942 815 3031 1994 
1925 3783 1215 543 1747 1813 
1926 3373 1274 394 1315 1580 
1927 2788 1447 1307 2707 2060 
1928 4217 1474 413 1148 1808 
1929 1279 453 153 2645 1133 
1930 3163 1040 408 1522 1526 
1931 2077 Sus 1192 1398 1542 
1932 1533 2130 594 1468 1429 
1933 2995 1010 247 2S 1116 
1934 497 278 62 716 388 
1935 1308 1025 242 2515 1273 
1936 3801 1221 595 1387 1747 
1937 4802 2196 528 1068 2134 
1938 1460 RPA 167 1165 waa 
1939 3160 1250 497 2296 1795 
1940 3046 1037 267 A752 1523 
1941 3056 1467 669 830 1497 
1942 2025 898 267 1216 1097 
1943 2741 554 169 282 928 
1944 504 214 96 1348 542 
1945 1767 436 204 551 185 
1946 1840 684 677 2148 1336 
1947 3936 1850 314 235 1570 
1948 ft51 523 286 884 710 
1949 1487 379 96 1146 774 
1950 1931 647 358 1692 1154 
1951 4335 2238 574 2281 2346 
1952 QAS7 1227 286 1603 asi? 
1953 1595 594 225 669 767 
1954 1347 993 506 2574 1356 
1955 2299 1264 312 579 1106 
1956 1465 406 438 801 CM: 
1957 2574 608 328 1116 1150 
1958 2455 1015 729 2460 1665 
1959 2937 1086 295 780 1266 
1960 2465 711 598 4413 2049 
1961 3174 1290 Sh 723 1366 
1962 2334 735 284 870 1050 
1883-1917 Pails) 985 432 1372 1239 
1918-1952 2450 1125 442 1379 1344 
1953-1962 2264 870 403 1498 1255 
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Table 2. Monthly averages of the gauged flow of the Thames at Teddington (m.g.d.) 































































1950 | 1951 | 1952 | 1953 1956 | 1957 | 1958 | 1959 | 1960 | 1961 
January 3959 
February 1953 
March 1053 
April 1303 
May 639 
June 267 
July 217 
August 330 
September 306 
October 438 
November 1058 
December 1119 
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Fic. 9. Day-to-day variations in gauged flow at Teddington during selected months of 1951-53 
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Fic. 10. Monthly average values of gauged flow at Teddington 
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NATURAL FLOW | 


The figures near the bottom of Table 1 show that the average gauged flow was higher, in each 
quarter of the year, during the second 35-year period (1918-1952) than during the first, even though 
the rate of abstraction for water supply was higher in the later period. In the first period (1883-1917) 
the average flow gauged at Teddington Weir was 1239 m.g.d., the average rate of abstraction 
upstream was 118 m.g.d., and hence the natural flow of the Thames at Teddington was 1357 m.g.d. 
In the second period the gauged flow was 1344 m.g.d., the average rate of abstraction 194 m.g.d., 
and the average natural flow 1539 m.g.d. (where all figures are rounded off to the nearest m.g.d.). 
The average natural flow therefore increased by more than twice as much as did the rate of 
abstraction. Although the rate of abstraction is seen from Fig. 8 to increase fairly steadily, the 
natural flow is subject to large variations and it is only by using as long a period as the 35 years 
normally used in examining rainfall that it is reasonable to assess progressive changes which have 
taken place in the natural flow and the possibility of similar changes occurring in the future. 
Nevertheless, such an assessment is of considerable interest since already a substantial part of the 
natural flow in the summer months is abstracted for water supply. 

Of the increase of 182 m.g.d. in the natural flow between the two 35-year periods, it appears 
that some 67 m.g.d. can be attributed directly to the increase in the mean annual rainfall from 
28-2 to 29-6 in.—that is by assuming, as a first approximation, that the percentage run-off is 
independent of the rainfall. The remaining 115 m.g.d. must thus be attributable to greater 
proportional run-off during the second period (34-5, as compared with 31-8, per cent from the 
whole catchment area above Teddington). Plotting the annual averages of the percentage run-off 
against the annual totals of rainfall, over a period of 70 years, it is found that there is a distinct 
though weak positive correlation between these two factors, and it appears that increase in rainfall 
might have accounted for about half the increase in percentage run-off. The rest of this increase 
must be attributed either to random fluctuations in the run-off or to a systematic change; it is 
possible that the growth of water supply is correlated with percentage run-off since both are related 
to population and the development of land. 

It seems reasonable to conclude that the increased water consumption in the later period was 
not accompanied by a decrease in gauged flow because the rainfall was higher in the later period, 
and hence that, unless the rainfall in the subsequent 35 years (1953-1987) is still higher, the effect 
of increased abstraction will be more noticeable. However, it is possible that the percentage run-off 
may further increase and thereby partly compensate for the increased abstraction of water. 

In Fig. 11 the relative frequency of occurrence of different flows is illustrated. Figure 11(a) 
is for the gauged flow at Teddington during each month of 1920-1954, and from it may be seen, 
for instance, that the median monthly flow during this period was about 900 m.g.d. (compared 
with a figure of 1312 m.g.d. for the mean flow); in about 2 per cent of the months the average 
flow was less than 100 m.g.d., and in about 2 per cent it was more than 5000 m.g.d. Figure 11(b) 
shows the average natural flow at Teddington during each July-September quarter of 1882-1955. 
In about 1 year in 20 the average natural flow during the third quarter of the year fell to 260 m.g.d. 
or below. The frequency of occurrence of gauged flows less than 170 m.g.d. is discussed on pp. 26-28. 
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Fic. 11. Distribution of average flows at Teddington 


(a) Gauged flow for each month of 1920-1954 
(6) Natural flow for each July-September quarter of 1882-1955 
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TOTAL LAND-WATER FLOW 


The water in the estuary has a net seaward movement imparted by the flow of land water*. 
In subsequent chapters many references are made to conditions in the estuary when the flow at 
Teddington has some particular value, but it should be noted that the total land-water flow in the 
lower reaches is appreciably greater than the flow at Teddington. In Fig. 12 the estimated net flow 
of fresh water past each point in the estuary is shown when the flow at Teddington is 170, 500, 
1500, and 3000 m.g.d.; the figures have been found by allowing for the average rates of discharge 
of the tributaries, sewage and industrial effluents, and storm sewage. Where these rates of discharge 
depend largely on the rainfall they have been related to the flow at Teddington. As the curves are 
plotted against the half-tide position, each discharge has been spread over the range of the tidal 
excursion. It is seen from Fig. 12 that when the flow at Teddington is 170 m.g.d. the total land-water 
flow 40 miles below London Bridge is about 700 m.g.d., or 4 times as great; when the Teddington 
flow is 3000 m.g.d. the total flow is about 4000 m.g.d., or 14 times the value at the head of the estuary. 





TOTAL LAND-WATER FLOW (m.g.d.) 
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Fic. 12. Estimated total net land-water flow past each point in 
estuary when flow at Teddington is 170, 500, 1500, and 3000 m.g.d. 


LAND-WATER DISPLACEMENT 


The land water entering the estuary displaces the water already present and causes it to move 
towards the sea; in addition to this displacement the water moves to and fro under the influence 
of the tide. Both the land-water flow and the tidal movement give rise to longitudinal mixing— 
a subject which is discussed in detail in Chapter 14 where the movement of the water during an 
integral number of tidal intervals is regarded as being composed of two parts: the displacement 
which would occur if there were no mixing (each section of the water moving without overtaking 
any other section) and the mixing of the water of adjacent sections. 

In the absence of mixing, the velocity, u, of the displacement through the cross-section at 
any point a distance x below the head of the estuary, would be given by dividing the total land-water 
flow, Q, past that point, by the cross-sectional area, A; that is, uw = Q/A. In Fig. 13(a) w is plotted 
against « for particular values of the flow at Teddington. 

The time taken for the displacement of the water through a small distance dx, is 5¢ = 6dx/u, 
so that the time, 7, taken for the water to flow from x, to x, is given by 


t x x 4 
ra [dem [= [eae (1) 
4 ry u #2 


If 7 has a particular value, such as the time of one, two, or more tides, x, can be obtained for 
any particular value of x, by numerical integration of this equation using values of A and QO given by 
Figs. l(c) (p. 5) and 12 respectively. Hence the displacement, x,—.«,, from any position x, can be 
calculated. In Fig. 13(b) x,—«x, is plotted against x, for 7 equal to one day. The displacements 


used subsequently in the mixing calculations are of this type, with 7 equal to either one or two tides. 
¥ 


* The term land water is used here to include all sources of the water in the estuary apart from the sea. 
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Fic. 13. Net seaward movement of water in estuary due to all sources of land water when 


flow at Teddington is 170, 500, 1500, and 3000 m.g.d. 


(a) Displacement velocity; (b) daily displacement 


RETENTION PERIOD 


The fresh water entering at Teddington, and the effluents entering downstream, pass through 
the estuary more rapidly than Fig. 13(b) suggests. There is a continual interchange of salt and 
fresh water, but on average there will be no net seaward transfer of salt through the estuary—apart 
from the small amount contained in the land water; there will, of course, be a net gain or loss of 
sea water at times of decreasing or increasing fresh-water flow as the salinity distribution is related 
to the flow, but this does not affect the argument. Consequently, by considering conditions in the 
estuary at a given state of tide when the fresh-water flow is steady, the water may be regarded as 
consisting of stationary sea water through which flows the fresh water, and hence the effective area 
through which the fresh water passes is equal to the true cross-sectional area multiplied by the 
proportion of fresh water in the cross-section. 

If S., S; are the salinities of sea water and fresh water respectively, the proportion of fresh water 
at a point where the salinity is S, is equal to (S,—S,)/(S,—S;). Thus the effective area is 
A(S,—S,)/(S,—S;), and the average net seaward velocity of the fresh water is obtained by dividing 
O by this expression, where Q is the total rate of input of fresh water from all sources landward 
of x. The average period of retention between x, and x, is therefore 


co Gacs Oe 





ax: (2) 


This expression gives only the average retention period of the fresh water under steady conditions 
of fresh-water flow; some of the water will pass through the estuary in a very much shorter time 
while some will take much longer. In considering what changes will occur in a sewage effluent 
while it remains in the estuary it is necessary to take into account the whole range of the period 
of retention—after discharge the rate of oxidation of organic matter in the effluent is not a linear 
function of time. Consequently, for this purpose the figure giving the average period of retention 
is, by itself, of little importance. ‘The more complex calculations required to take into account the 
range of retention periods of each effluent in the estuary are described in Chapters 15-17. 

In calculating the average time for the water entering at Teddington to pass beyond any point 
in the estuary, the function A(.S,—S,)/Q(S,—S;) was plotted against x for four values of the flow 
at ‘T'eddington—the values of QO being those given by Fig. 12. The areas under the resulting curves 
then gave the required retention periods in accordance with Equation 2; these retention periods 
are plotted in Fig. 14. It is seen that the average time taken for water to pass from Teddington 
to the seaward reaches of the estuary at times of low flow may be as great as three months. This 
graph can also be used to estimate, for example, how long it takes the effluent from Northern 
Outfall to travel 20 miles seaward under average conditions of flow; thus roughly interpolating 
at 114 and 314 miles below London Bridge for a flow at ‘Teddington of 1300 m.g.d. gives an average 
retention period of about 20 days. 

The effect produced on the retention period by an increase in the flow at Teddington is not as 
great as might at first be supposed. For instance, compare the time taken by fresh water to pass 
from 20 to 40 miles below London Bridge when the flow at Teddington is 170 m.g.d. with that 
when it is 3000 m.g.d. The ratio of the second flow to the first is nearly 18 to 1, but owing to the 
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Fic. 14. Mean retention period of fresh water entering estuary 


at Teddington at flows of 170, 500, 1500, and 3000 m.g.d. 


effects of the other discharges of land water the total flow in this reach goes up by a factor of only 
about 6 (see Fig. 12). As the flow of land water increases, the salinity at any particular point falls, 
so that the proportion of fresh water in the cross-section rises, and the retention period is less 
affected by the changing flow than it would be if the salinity remained unchanged. It may be seen 
from Fig. 14 that this 18-fold increase in the flow at Teddington reduces the period of retention 
in this reach from 36 to 13 days, that is, by a factor of only about 3. 


SALINITY 


The salinity, or total salt content, of estuary water is not a property which is directly determined 
in routine analysis owing to the tedious nature of the test. In practice, it is customary to determine 
the concentration of chloride and to convert this to terms of salinity when required (see p. 572). 
In this Report salinity is expressed in g/1000 g, and chloride content in parts per million (p.p.m.)— 
that is mg per litre. 

The salinities of the water passing over ‘Teddington Weir and of the sea water outside the 
estuary are both nearly constant, the respective chloride contents being about 30 p.p.m. and 20 000 
p.p.m.; over any cross-section the range is small. For any particular condition of flow and tide 
there will be an equilibrium distribution of salinity along the estuary. The greater the tidal mixing 
the greater will be the incursion of salt from the sea, and the greater the fresh-water flow the lower 
will be the salinity in the middle and lower reaches. 


PENETRATION OF SEAWATER 


The distance up the estuary to which sea water may penetrate is of interest as an indication 
of the distance over which polluting matter discharged to the saline reaches may exert an influence. 
For instance, in the July-September quarter of 1949, when the average flow at Teddington was 
only 96 m.g.d., the average chloride content of samples taken by the L.C.C. at Kew Road Bridge 
(13-0 miles above London Bridge and 5-8 below Teddington Weir) was 56 p.p.m. at low water 
and 237 p.p.m. at high water, compared with 40 p.p.m. at Teddington. On the other hand, during 
the first quarter of 1951, when the flow was 4335 m.g.d., the average chloride content was 26 p.p.m. 
at Teddington and the average of the values at high and low water at London Bridge was only 
36 p.p.m. At half-tide a concentration as high as the 237 p.p.m. mentioned above was not found 
until 10 miles below London Bridge. 

The average distributions of salinity in these two quarters are shown later in Fig. 20. If a 
substance were discharged at a point 40 miles below London Bridge to maintain a particular 
concentration throughout the cross-section there, and if there were no loss of the substance by 
decomposition or other means, the concentration to be found 10 miles below London Bridge at 
half-tide would be about half that at 40 miles under the conditions obtaining in the third quarter 
of 1949 but only a fiftieth under those of the first quarter of 1951, since the salinities at 10 miles 
were a half and a fiftieth respectively of the values at 40 miles in these two quarters. 
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STRATIFICATION 


The effectiveness of the half-tide adjustment suggests that the water of the Thames Estuary 
is well mixed vertically. In this respect it is very different from the estuary of the Tees? where 
there is often a large vertical gradient of salinity; this estuary is bell-mouthed and fairly symmetrical. 
On the other hand, the Mersey Estuary—also investigated by the Laboratory>—has a mouth less 
than 1 mile wide from which it expands inland to a maximum width of 3 miles; a large part of 
the estuary consists of intertidal banks of mud and sand, and at low water inland of the Narrows 
the waterway is confined to a tortuous channel. The flood tide, in particular, is very turbulent 
in the Mersey—at spring tides there is a small ‘bore’ or ‘eagre’ near the head of the estuary—and 
consequently there is no pronounced and permanent vertical gradient of salinity. The Thames 
Estuary is bell-mouthed but not as symmetrical as the Tees, and for over 50 miles from the head 
of the estuary at ‘Teddington it follows a winding course (see folding map at end of volume); 
the vertical distribution of salinity lies between those of the Tees and Mersey. Examples of salinity 
distributions in the estuaries of the Tees and Thames are shown in Fig. 15, in each case for high 
water of a spring tide. 
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Fic. 15. Distribution of salinity at high water of a spring tide in Tees and Thames Estuaries 


Salinity in g/1000 g is marked for each ischaline 


Owing to frictional effects, the velocity of the tide tends to be greatest near the middle of the 
stream and least near the sides and bed, but on bends the maximum velocity is generally to be 
found near the outside. Observations have shown that at certain times and places there are 
considerable variations in the salinity, dissolved-oxygen content, and temperature of samples 
taken over the cross-section; variations of salinity are examined in this chapter and those of oxygen 
and temperature in Chapters 7 and 16 respectively. The relative lack of stratification in the Thames 
Estuary greatly simplifies the sampling programme needed to obtain a picture of the condition at 
any time, and unless otherwise stated all samples referred to later have been taken at a depth of 6 ft 
in mid-stream; even where the variations over the cross-section are considerable such samples 
are generally representative. 


VARIATION OF SALINITY WITH DEPTH 


Figure 15 shows that, although the water of the Thames Estuary is well mixed, a vertical 
salinity gradient is not always absent. In Table 3 are given the salinities of water at the surface, 
at roughly mid-depth, and near the bottom at various positions in the estuary at approximately 
low water on 6th and 7th April, and high water on 27th April, 1949. Both at high water and at 
low water there was a measurable vertical salinity gradient, but the difference in salinity between 
surface and bottom exceeded 10 per cent of the average salinity only at positions where this was 
less than 6:5 g/1000 g. The salinity difference between the surface and near the bottom is also 
expressed in terms of the approximate horizontal distance between points in that neighbourhood, 
at any particular depth, with the same salinity difference. 
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Table 3. Salinity of water at surface, approximately mid-depth, and near bottom at various positions 
in mid-channel between London Bridge and Southend 















































Salinity difference 
Surface Near mid-depth Near bottom between surface and 
Position Dan near bottom 
(miles of 
below 
water ; 
London (ft) Equivalent 
Bridge) Salinity Depth Salinity Depth Salinity 1000 distance 
(g/1000 g) (ft) (¢/1000 zg) (ft) (2/1000 g) | ‘8/1000 2) | downstream 
(miles) 
Low water, neap tides, 6th-7th April 1949 
0:4 2a, 0-18 15 0:18 26 0:18 0-00 0-0 
3:1 Di. 0:55 15 0:46 26 0-64 0:09 0:4 
4-9 26 0:92 15 1-19 25 1-19 0:27 0:8 
7:0 27, 1:73 15 1-93 26 2:38 0:65 1:0 
9-3 28 3-91 15 3°91 Pf 4-00 0-09 0-1 
11-7 29 5-54 15 6:26 28 6°44 0-90 iRea 
13-8 38 7°88 15 8-24 30 7:97 0:09 0-1 
16°5 38 9-69 15 9-69 30 10-41 0-72 1:0 
18-7 41 11-40 15 11-40 30 12330 0-90 1°4 
21-6 39 13-57 5 13-75 30 14-47 0:90 1:3 
23-9 43 15-19 15 1537 30 15-55 0:36 0:5 
26:2 39 16:46 15 16-64 30 16-82 0-36 0-6 
27:7 38 17:36 15 17-90 30 18-53 1:17 1:8 
29-4 49 18-44 15 18-35 30 19-07 0:63 0:9 
Bile 39 19-70 15 20:07 30 21:33 1-63 1:8 
33-2 — 22:05 15 22:68 30 23:95 1:90 2:°4 
36-0 34 23-77 15 24-13 30 25-2 1:35 251 
38-7 38 26:02 15 26:56 30 26:65 0:63 1:0 
40-9 37 27:20 15 27:20 30 27-38 0-18 0-3 
43-1 42 28°55 15 28 - 64 30 29-36 0-81 1:6 ? 
High water, spring tide, 27th April 1949 
26:2 53 23-86 25 23-40 50 24:94 1:08 1-4 
28-4 52) 26:02 25 26:92 50 26:74 0-72 0-7 
30:5 52 27°11 25 28-01 50 | 28°55 1:44 2:6 
33-2 53 29-27 UE 29-27 50 29-27 0-00 0-0 
36:0 53 30:17 D5 30:53 50 30-90 0-73 2:3 
38-7 Sil 30:99 25 31:26 50 31:26 0:27 1-4 
40:-9 51 31°44 DS 31-44 50 31-26 —0:18 —1 
43-1 51 32-25 25 32:34 50 32-52 0-27 1 











Vertical and horizontal differences in salinity during the run of an ebb tide were determined 
at about 19 miles below London Bridge on 20th October 1950. Simultaneous samples were taken 
at half-hourly intervals in mid-stream, at the surface, and at depths of 15 and 30 ft, at two positions 
6080 ft apart. During a period of 44 h, starting 14 h after high water, the average surface salinity 
at the upstream station was 1-027 g/1000 g less than at a depth of 30 ft; at the other station the 
corresponding difference was 1-153 g/1000 g. These differences were greater than the horizontal 
differences at either depth between the two positions; on average, the increase in salinity for a 
change of 1 ft in depth was equal to the increase on moving 250 ft downstream at a particular 
depth—in other words, under these conditions the isohalines had a gradient of about 1 in 250. 
During the flood of an intermediate tide on 10th October 1950 the gradient was 1 in 75; 
a corresponding value for the Tees Estuary* would appear to be of the order of 1 in 1000. 


VARIATION OF SALINITY ACROSS WIDTH OF ESTUARY 


The salinities of samples taken over a cross-section at the seaward end of Tilbury Landing Stage 
(26 miles below London Bridge) during a flood tide are shown in Table 4. When samples were 
taken near the bed there were only small differences between the salinities of water in mid-river 
and at the Tilbury and Gravesend sides of the estuary. Nearer the surface the discrepancy was 
greater, the maximum difference in salinity occurring at the surface where it amounted to about 
7:5 per cent of the value in mid-river. From an examination of such data it is concluded that the 
salinity near the surface in mid-river at Tilbury is usually within 2 per cent of the average salinity 
over the cross-section when this average exceeds 20 g/1000 g; the difference of 2 per cent is 
equivalent to less than half a mile along the length of the estuary. 
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Table 4. Variation of salinity (g/1000 g) at a cross-section in Gravesend 
Reach on two occasions during a flood tide in summer of 1949 








Depth Tilbury (north) Middle of Gravesend (south) 
(ft) side of estuary main channel side of estuary 
1 21-60 23°37 — 

20 22-66 23-19 — 

40 IRS 23-37 — 
Average 22:54 23-31 — 
Average 22-93 — 

1 — 23-55 22°85 

20 — 23-73 23-19 

40 — 23-73 2337 
Average — 23-67 23°14 
Average — 23-40 





Near sharp bends in the estuary, as for instance near Stone Ness and Broadness (21:6 and 
23-2 miles below London Bridge), the distribution of salinity is more complex. During the flood 
tide a counter-clockwise eddy, containing a large volume of water which is not properly mixed with 
the main stream, is formed at the Kent (south) side of the estuary, so that the water near the bank 
is moving downstream. After high water the main tidal stream destroys this eddy which then re-forms 
on the down-river side of Stone Ness, with the result that for most of the tidal cycle the water 
near the Essex (north) bank is moving upstream. It is only in the short intervals between the 
destruction and re-forming of these eddies that the salinity is likely to be fairly uniform over the 
cross-section; on the late flood there is a large pocket of water on the up-river side of Broadness 
with a lower salinity than in the main stream, and on the late ebb a similar pocket on the down-river 
side of Stone Ness with a higher salinity. he precise distribution of salinity in this reach, though 
of interest, was not determined. One of the sampling points on runs through the estuary was at 
Broadness; to reduce the risk of taking water from the eddy, the Broadness sample was taken in 
the main tidal stream near the Essex bank when the tide was flooding and near Broadness 
Lighthouse on the Kent shore during the ebb. 

In the reaches near the head of the estuary where there is only a very small proportion of sea 
water, there cannot be a large difference in salinity at any cross-section, but since the rate of change 
of salinity with distance in this part of the estuary is small, a small difference may be important. 
The distribution of salinity across the width in the reaches above London Bridge follows a pattern 
similar to that in the lower reaches. At high water the salinity in mid-stream is greater than at the 
sides and during most of the ebb tide the reverse is true. At some places in the upper reaches, 
the water may be fresh throughout a cross-section for a period around low water, the length of this 
period depending on the fresh-water flow and the position of the cross-section. During the flood 
tide any increase in salinity is first detected in mid-stream and from then, until after high water, 
the salinity there is greater than at the sides. Examples of the kind of results obtained by examination 
of samples taken at mid-depth at five different cross-sections are given in Fig. 16 and, plotted in a 
different way, in Fig. 219 (p. 391); examples of variations in temperature and dissolved oxygen over 
several cross-sections are given on pp. 434-438 and 172-174 respectively. 


VARIATION OF SALINITY ALONG LENGTH OF ESTUARY 


In the North Sea the salinity of the surface water is slightly greater than 34 g/1000 g; off 
Southend, 43 miles below London Bridge, the salinity at high water at the end of the summer 
occasionally exceeds 33 g/1000 g, whereas at the end of a wet winter the salinity at low water 
may be only 20 g/1000 g. Thus the seaward limit of the estuary—as indicated by the salinity of 
the water—changes both with season and with state of tide. 

With such large variations occurring in the composition of the water at a particular point, 
caution must be used in interpreting average values which are typical only during periods when 
relatively constant conditions obtain in the system. When there is a rapid alteration in conditions, 
such as would be caused by heavy rain in the Thames catchment area, the positions at which 
maximum or minimum values of various constituents occur may also change rapidly. 
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cross-sections in spring of 1954 


Except when conditions are very unstable, the variation of salinity with distance along the 
estuary at half-tide is almost linear in the salinity range 5 to 20 g/1000 g, the salinity changing by 
about 0-85 g/1000 g per mile. Outside this range the rate of change of salinity with distance decreases. 
Average values for the salinity found in the estuary during the course of the survey are shown in 
Table 5 and some of the results are plotted in Fig. 17. 
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Average distribution of salinity along estuary during some months of 1953 
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Table 5. Monthly average values of salinity (g/1000 g) at half-tide at given distances above and below 
London Bridge 





Miles from London Bridge 




































































Above Below 
5) 24 | 0 24 | 5 74 | 10 | 15) 20 Zo: | 30 | S18) | 40 

1951 
April 0-12 1°82 5°55 9-55 | 13-90 
May 0-18 | 0-36 | 0-75 1-65 4-33 8-86 | 12-22 | 15:98 | 21-48 | 26-00 
June 0:27 | 0-64 | 1°31 | 2-43 4-05 7°15 | 11-75 | 14-64 | 19-05 | 23-80 | 26-63 
July 0:17 | 0:45 | 0:90 | 1-63 | 2-80 | 4-90 PAANELOS SL ets S14 7758421 01 | 2591772 1827-87 
August 0-19 | 0-54 | 1:09 | 2°17 | 3-77 | 5-91 8:26 | 11:76 | 16°85 | 19-74 | 22-73 | 26-93 | 29-24 
September 0-11 | 0-44 | 0°87 | 1-73 | 3-06 | 5-29 7:46 | 11-20 | 15-85 | 19-05 | 22-26 | 26-31 | 28-34 
October 0-34 | 0:90 | 1-67 | 2-81 | 4°64 6-79 W109 71 1 5et i 182290122173) (26°43 28-96 
November 0-20 | 0:47 | 0:75 | 1-40 2°30 4°77 8-80 | 12-41 | 16°56 | 22-20 | 25-50 

1952 
May 0-21 | 0:44 | 0-81 | 1°54 2-80 6°30 | 10:1 14-0 18-6 23-2 26°75 
June 0-60 | 1:0 1-8 ei0R) 5:3 9-6 13°5 17-15 | 21-0 Paso | 28-4 
July 0:74 | 1:24 | 2:08 | 3-46 | 5-32 | 7°4 9°5 11:4 17-0 20-3 23°5 26-6 29-4 
August 0-8 1:3 2°3 2°7 5:8 8-1 10-45 | 15°3 19-4 22:5 25°1 27:6 30-0 
September 0-9 1:7 3-0 5-0 Jez 9-5 dle 7 17°8 19-4 22-5 25:8 28-7 30°8 
October 0-2 0-9 d= 7, 2:9 4°5 6:5 8-6 13-4 17-9 21:5 25-1 28:3 30:6 
November* 0-7 1:3 2°4 4-0 6:4 8:6 13-0 16:9 20:4 24-0 27:6 30:2 

1953 
February 0-13 | 0-26 | 0:73 | 1°49 2°45 5-03 9-0 13-3 17 = 73) |) 23-051) 26°67, 
March Q- 2557-06-52 | 1-10 | 1-99 | 3-97 5°57 9-0 12-9 16°45 | 20:32 | 24-30 | 27-45 
April 0-50 | 1:09 | 2-07 | 4-23 5-75 9-95 | 13-62 | 16°85 | 20-01 | 24-29 | 27-50 
May 0°367| 0°75 | 1°39 | 2+5 4-3 6°47 | 10:5 14-4 17:34 | 20-85 | 25-37 | 28:0 
June 0-46 | 0-92 | 1:70 | 2-9 4:62 | 6°66 8°84 | 12-58 | 16-92 | 19-97 | 22-92 | 27-13 | 29-80 
July 0-57 | 1:24 | 2:2 3-6 5:41 | 7-61 9:96 | 13-9 18-17 | 21-6 23:87 | 27:53 | 29-87 
August 0-87 | 1°63 | 2°84 | 4-33 | 6-34 | 8-47 | 10:95 | 14-45 | 19-03 | 22-03 | 24-4 27:93 | 30:2 
September 1-22 | 2:06 | 3-25 | 5-16 | 7-45 | 9-81 | 12-06 | 15-90 | 19-90 | 22-90 | 25-32 | 28-50 | 30-58 
October 0:76 | 1:51 | 2°59 | 4-21 | 6°81 | 9°25 | 11-70 | 15-81 | 20:40 | 22-92 | 25-74 | 29:26 | 31-36 
November 0-16 | 0°25 | 0:45 | 0-73 | 1-51 | 2°72 4-61 7°86 | 12:77 | 17-64 | 21-04 | 25-77 | 28-52 
December Os eO-59. | 112°) 2-05} 3-28 | 5-26 7°73 | 12:06 | 16-21 | 19:41 | 22-45 | 26:49 | 29-48 

1954 
January 0:28 | 0:46 | 0:99 | 1°84 | 3-14 | 5-04 7°62 | 12:57 | 16-75 | 20:08 | 23:79 | 27-40 | 29-83 
February 0-14 | 0:22 | 0:45 | 0°84 | 1-39 | 2-51 3:98 7°88 | 12:87 | 16-70 | 20°60 | 25-42 | 28-48 
March 0-08 | 0:09 | 0:10 | 0-24 | 0:49 | 1-12 2°11 5:23 9-37 | 14-29 | 18-02 | 23-38 | 26-91 
April 0:10 | 0:16 | 0-35 | 0:70 | 1-46 | 2-52 4-10 7°55 | 11-70 | 15:28 | 18-97 | 24-55 | 28-30 
May 0-20 | 0:38 | 0-88 | 1-58 | 2-85 | 4-66 7-01 | 10:87 | 14-82 | 18-10 | 21-11 | 25-76 | 28-78 
June 0-21 | 0:31 | 0-57 | 1-08 | 1-96 | 3-56 5:07 8:88 | 13-54 | 17-22 | 20-98 | 25-18 | 28-06 
July 0-19 | 0:46 | 0-95 | 1-68 | 2:91 | 4-65 6°79 | 10:64 | 14:91 | 18-70 | 22-45 | 26°88 | 29-75 
August 0-22 | 0:44 | 0:87 | 1:70 | 3-03 | 4-91 7°29 | 11°21 | 15-82 | 19-59 | 22-78 | 27-12 | 29-80 
September 0-27 | 0-69 | 1-56 | 2-75 | 4-57 | 6-91 8:97 | 12-46 | 16:95 | 20-42 | 23-20 | 27:17 | 29-72 
October 0-54 | 1-09 | 2:17 | 3-90 | 6°30 | 8-90 | 11:42 | 15-37 | 19-17 | 22-01 | 24-77 | 28-58 | 30°39 
November 0:07 | 0:10 | 0-23 | 0-45 | 0:99 | 2-10 3:86 6°80 | 11-46 | 15-76 | 19-94 | 24-94 | 28-02 
December 0-07 | 0:08 | 0:09 | 0-11 | 0:16 | 0-27 0-69 1:78 5-02 8°65 | 13:88 | 20:52 | 24-82 

| i 











* Average results during first three weeks of month. 


VARIATION OF SALINITY WITH FRESH-WATER FLOW 


A change in flow at Teddington is followed by a change in the distribution of salinity in the 
estuary, but it takes a long time for equilibrium to be reached—particularly when the flow is 
decreasing. For instance, in 1953 the flow at Teddington was fairly steady during the July-September 
quarter (Table 2, p. 12) and the lowest flow occurred during July; nevertheless the salinities at all 
positions in the estuary continued to rise until 9th September. At 35 and 40 miles below London 
Bridge at half-tide this rise in salinity continued until 21st October. From 21st October to 
3rd November the total rainfall in the Thames catchment area was just over 3 in., and the flow at 
Teddington rose from less than 300 to more than 3000 m.g.d.; by 4th November there was a 
considerable reduction in salinity in all parts of the estuary—particularly the upper reaches. 
This brief wet period was followed by 10 weeks with a total rainfall of less than 2 in.; in the first 
week the flow at Teddington fell to 1000 m.g.d. and for most of the remainder was roughly 500 m.g.d. 
In the upper reaches the salinity rose as the flow decreased, but at points more than 25 miles seaward 
of London Bridge the minimum value was found on 11th November. 
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In Fig. 18 are shown the month-to-month variations in the flow at Teddington and the salinity 
at certain points in the estuary at half-tide. The flow scale has been inverted for convenience 
of comparison, since an increase in flow is followed by a decrease in salinity. Weekly figures for 
1953 are shown in Fig. 19; details of the fresh-water flow during 4 months of this year were 
included in Fig. 9 (p. 12). 


SALINITY (g/1000g) 








Fic. 18. Variations in fresh-water flow at Teddington and in salinity at half-tide 
at London Bridge and 10, 25, and 40 miles seaward 
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Fic. 19. Salinity of water at given positions in estuary at half-tide during 1953 


Numbers indicate position in miles below London Bridge 


Quarterly average values of the salinity at points from Teddington to Southend have been 
calculated from the results of surveys of the estuary by the L.C.C. during 1949 to 1954; the curves 
for the two quarters with the most extreme flows are shown in Fig. 20. For each quarter the averages 
for all samples with nearly the same half-tide position were plotted against the average half-tide 
position to obtain 24 curves, one of which was shown in Fig. 6(b) (p. 8). From each of these curves 
the salinity was read at intervals of 5 miles, and each of the values for a particular point was plotted 
against the average gauged flow at Teddington during the corresponding quarter. As an example, 
the results for 15 miles below London Bridge are shown in Fig. 21 which also includes the 
Laboratory’s monthly data from Table 5; a smooth curve has been drawn through the L.C.C. data. 
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Fic. 20. Quarterly average distri- Fic. 21. Relation between averages of flow at 

butions of salinity under extreme Teddington and salinity at a half-tide position 15 
conditions of flow miles below London Bridge 

Curve A, 3rd quarter of 1949 ( flow Open symbols, L.C.C. quarterly data for 1949-54; 

at Teddington 96 m.g.d.); Curve B, closed circles, W.P.R.L. monthly data for 1951-54 


Ist quarter of 1951 (4335 m.g.d.) 


It is seen that the points plotted in Fig. 21 are well scattered about the curve. This is because 
none of the average values is likely to refer to equilibrium conditions, For instance, the fresh-water 
flow is generally falling during the second quarter of the year and rising during the fourth (see 
Fig. 10, p. 12), and changes in salinity tend to lag behind changes in flow. Furthermore, even if 
there were no such lag, the average value of the salinity in two periods with the same mean flow, 
but with different distributions about the mean, would not be identical since the flow-salinity 
relation is not linear. 

Figure 22 shows the relations between flow, salinity, and half-tide position found from Fig. 21 
and similar curves. 
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Fic. 22. Relations between flow at Teddington, salinity, and half-tide position 


Figures on curves indicate position in miles below London Bridge . 
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As the extreme flows shown in Fig. 22 are unlikely to be maintained sufficiently long for 
equilibrium to be established, it may be expected that the salinities relating to such flows would be 
rather more extreme under equilibrium conditions; this will apply more particularly to the lowest 
flows for which the curves are steepest. Over most of the range, however, the relations between 
salinity and flow probably do not differ appreciably from those which would be found in equilibrium. 
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PLATE 1: 


The tidal limit—Teddington Weir 
(18? miles above London Bridge) 


PLATE 2. 


Gauge Weir, Teddington. Photograph taken on day when total discharge was 500 mil gal 
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PLATE 3. 








PLATE 4. 


os Brentford Eyot and Kew 
(13 miles above London Bridge) 
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Prave 5. 


Lambeth Reach, looking upstream, with Westminster Bridge and Houses of Parliament 
(2-3 miles above London Bridge) 
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PLATE 6. 


King’s Reach, looking downstream, with St. Paul’s Cathedral 
(1 mile above London Bridge) 
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PLATE 7. 


Limehouse Reach, looking upstream 
(24-114 miles below London Bridge) 
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PLATE 8. 


Royal Albert and King George V Docks, with parts of Woolwich and Gallions Reaches 
(9-104 miles below London Bridge) 


CHAPTER 3 


Fresh-Water Discharges 


Most of the rivers discharging directly to the estuary are subject to rapid changes in flow. For much 
of their length they pass through areas now being increasingly developed, and their dry-weather 
flow is substantially that of the effluents discharged to them. During wet weather they act as 
storm-water carriers and rise very rapidly; local authorities are continually improving the channels 
to reduce the risk of flooding. The various fresh-water discharges are listed in Table 6. 


Table 6. Fresh-water discharges to Thames Estuary 


Point of confluence 
with estuary 





River 
North or Miles from 
south bank* | London Bridge 

Upper Thames — 18-9 above 
Crane N 15. 2s 
Duke of Northumberland’s N 14:9 ,, 
Brent N 13°6, —; 
Beverley Brook Ss S70 eis 
Wandle S (A 
Ravensbourne S 4:5 below 
Lee N O° OF 7, 
Roding N Lhe 7h ee 
Beam N 14-2. .,, 
Ingrebourne N ASH es has 
Darent and Cray Ss oo vy 
Mardyke N 18-4 ,, 
Ebbsfleet Ss 24°83) is 
Medway Ss 44 - 


Monthly averages and extreme values of the discharge of the Upper Thames, Wandle, Lee, 
Roding, and Medway, together with details of drainage area, rainfall, and methods of gauging, 
are published in The Surface Water Year-Book of Great Britain'; the information, where available, 
is given from October 1935. 

Samples of each tributary, apart from the Medway, are taken by the Port of London Authority. 
These are examined for pH value, chloride, albuminoid nitrogen, free and saline ammonia, nitrite, 
nitrate, B.O.D.+, permanganate value}, and suspended solids (total and volatile); the alkalinity 
was also determined up to the end of 1961. Records are available from 1930 (except for the Ebbsfleet 
which has been examined in recent years only) and each tributary was sampled approximately 
four times a year up to about 1958; the frequency was then increased until, by the beginning of 
1962, samples were being taken monthly. The B.O.D. test has been made on the samples from the 
Duke of Northumberland’s River, R. Brent, Beverley Brook, and R. Wandle since 1936, and from 
the other tributaries since 1948. For earlier periods the B.O.D. has been estimated by multiplying 
the permanganate value by the ratio of the average B.O.D. to the average permanganate value. 
The period used in deriving this ratio was from the start of the B.O.D. data to the middle of 1952. 
A separate ratio has been evaluated for each tributary; the figures range between 0-86 for the 
Brent to 1-8 for the Cray, and the average value is 1-4. Any changes before 1952 in the method 
of carrying out the permanganate test will lead to errors in the estimated B.O.D.; any change in the 
amount of nitrification taking place during the incubation period of the B.O.D. test will give rise 
to further errors. Nevertheless, annual averages of the observed or estimated B.O.D. for each of 
these tributaries probably provide the most reliable information on the changes that have taken 
place in the quality of the fresh-water discharges over some 30 years. 


* It is customary to refer to the left and right banks of the Thames Estuary as the north and south banks respectively. 


{ Throughout this Report (unless otherwise stated) the B.O.D. refers to the 5-day test for biochemical oxygen demand? 
at 20°C, and the permanganate value? to the uptake of oxygen from N/80 acid permanganate in 4 h at 27°C. Many of the 
methods of analysis used in the investigation are described on pp. 572-576. 


23 


26 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


Although most of the tributaries were also examined by the local authorities, it was felt that a 
more complete examination of the various fresh-water discharges was required for the Laboratory’s 
survey. Accordingly, a sampling programme was started in August 1950 and was continued until 
June 1953, samples being taken about once a week. At first, only the water passing over Teddington 
Weir was examined and the only properties studied were temperature and the content of suspended 
solids. Early in 1951 the tributaries discharging to the estuary upstream of London Bridge were 
included in the programme, and by May 1952 all except four of the tributaries were being examined 
for the same properties and, in addition, dissolved oxygen and B.O.D. were being determined. 
No samples were taken from the Darent, Cray, Ebbsfleet, or Medway as it was impracticable to 
include them in the sampling programme. These tributaries are only slightly polluted—except the 
Medway, which enters the estuary opposite Southend and was not thought to have any significant 
effect on the condition of the heavily polluted reaches of the Thames Estuary (see also p. 241). 
Monthly average values of all the analyses are given in this chapter. 

At the outset it was hoped that it would be possible to take samples at low water just inside 
the mouth of each tributary, and that these would be representative of the water entering the estuary 
from the tributary. However, some of the creeks were accessible only with difficulty—either by 
road or by water—so that it was not practicable to sample from all the tributaries under comparable 
conditions on one day. In many of the creeks the bed was very muddy and was eroded during the 
ebb tide; around low water there was a high concentration of suspended solids—an unknown 
proportion of which originated upstream of the tidal limit. Consequently the samples were not 
generally taken around low water, and were drawn from a point on the tributary near the tidal limit. 

It was not until some time after the completion of this programme that the concept of the ultimate 
oxygen demand (defined on p. 221) was introduced and more time was to pass before it became 
evident that the available information was insufficient for assessing the U.O.D. of each tributary 
from its B.O.D. In an attempt to remedy this, samples were taken from each of the tributaries 
on a number of occasions during the last 3 months of 1958 and were examined for their contents ~ 
of organic carbon and various forms of combined nitrogen; a few additional samples were taken 
early in 1959, A 24-hour survey was made of each of the three tributaries which add most pollution 
to the middle reaches of the estuary. In assessing the loads of U.O.D. and effective oxygen demand 
for 1950-53 (Chapter 9) it was necessary to use some B.O.D. figures for 1952-53 in conjunction 
with the results of the later surveys. 

The various fresh-water discharges are considered in the order shown in Table 6; average 
flows of the tributaries and some information concerning samples taken by other authorities are 
also included. The results for 1951-53 are then summarized and details given for the samples 
taken in 1958-59. 


THE UPPER THAMES 


The largest source of fresh water entering the estuary is the Upper Thames. The area draining 
to the 147 miles of river between its source near Cirencester in Gloucestershire and the point where 
it enters the estuary at Teddington Weir (18-9 miles above London Bridge) is 3812 square miles. 
A detailed paper by the Deputy Chief Engineer of the Thames Conservancy, on some aspects of 
the hydrology of the Thames Basin, has recently been published’. 

The Thames Basin is largely agricultural land and it is therefore to be expected that the ratio 
of the percentage run-off in winter to that in summer will be greater than for those tributaries 
which receive their water mainly from highly developed areas. In the 70 years ending 31st March 
1953 the natural flow at Teddington (see p. 13) in the winter months (October—March) was 42-2 
per cent of the total rainfall over the catchment area, and in the summer months (April-September) . 
was 22-6 per cent. 


Flow 


The Upper Thames is the source of a large proportion of London’s water supply, and the flow 
passing over Teddington Weir is affected by changes in the rate of abstraction—mainly by the 
Metropolitan Water Board. By the Thames Conservancy Act of 1932, the M.W.B. may not 
abstract water at such a rate as to reduce the flow at Teddington Weir below 170 m.g.d. In an emer- 
gency, however, the Minister of Transport and the Minister of Health acting together, or the 
Minister of Housing and Local Government alone, may make an Order. varying this provision. 
In practice, at times of drought the M.W.B. lacks sufficient storage capacity in its reservoirs to 
meet London’s needs, and the flow at Teddington has to be reduced below the Statutory 
Minimum value. 

The variations occurring in the flow at Teddington were examined in some detail on pp. 11-13, 
but since the Statutory Minimum flow of 170 m.g.d. is used in many of the calculations discussed 
in later chapters it is not out of place to consider how often the flow falls below this value. 
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The frequency of occurrence of gauged flows of less than 170 m.g.d. at Teddington in each year 
from 1883 to 1962 is given in Table 7; in the years not listed there was no day on which the 
flow was less than this figure. The average flow on these days of low flow in each year is also given. 
It is apparent that there is a tendency for the figures in the last column of the table to decrease as 
those in the third column rise—this is reasonable since the longer the flow is below 170 m.g.d. the 
further it is likely to fall. The relation between these two quantities is shown in Fig. 23. The average 
values for the same periods as were used in Table 1 (p. 11) are included in Table 7; in the latest 
period (1953-1962) there was no very dry summer. In the 30 years following the passing of the 
Thames Conservancy Act in 1932 the flow fell below 170 m.g.d. on a total of 844 days, an average 
of 28 days/year. As is to be expected, the greatest frequency of low flows is to be found in the late 
summer; the average distribution between the different months of the year in this 30-year period 
is shown in Fig. 24. 


Table 7. Frequency of occurrence of gauged flows less than 
170 m.g.d. at Teddington, 1883-1962 


In years not listed there were no days with flow less than 170 m.g.d. 











Number of Number of Average flow 
calendar months days with on days when 
Period with average flow less flow was 
flow less than than less than 
170 m.g.d. 170 m.g.d. 170 m.g.d. 
1885 — 4 168 
1887 — 2 154 
1891 — 1 156 
1893 oo 8 116 
1895 —— 2 166 
1896 —- 24 151 
1898 2 79 110 
1899 3 83 107 
1900 —_ 14 146 
1901 —_ 33 143 
1902 — 11 148 
1905 — 46 129 
1906 2 68 118 
1907 — 3 140 
1909 — 2 133 
1911 1 32 136 
1921 6 155 91 
1922 — 2 168 
1923 — 3 121 
1929 3 80 135 
1933 a 36 137 
1934 5 180 78 
1935 —_ 17 154 
1938 3 60 140 
1940 — ip 144 
1942 — 3 132 
1943 2 79 146 
1944 5 154 107 
1945 — 40 157 
1946 — 4 154 
1947 — 23 156 
1948 — 18 156 
1949 3S 123 100 
1950 — ; 6 162 
1952 — 9 156 
1953 — 26 158 
1955 — 3 164 
1956 — 9 153 
1957 — 10 156 
1959 — 12 164 
1961 — 8 165 
1962 — 12 156 





Total Average Total Average 
per year per year 








1883-1917 8 0- hiore: 124 
1918-1952 a) 0:8 1004 28-7 114 
£953-1962 0 0 8-0 159 

















1883-1962 35 0:4 1496 18-7 19 
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m.g.d. and average flow on those days; 
each point refers to a single year 


Quality 

The Upper Thames receives many discharges of industrial and sewage effluents over its course, 
but its self-purifying capacity is usually sufficient to maintain the dissolved-oxygen content close 
to the saturation value just above Teddington Weir. On occasions, however, the oxygen content 
of the water arriving at the weir has fallen as low as 20 per cent of saturation, and in the 
July-September quarter of 1945 the average value for samples taken by the London County Council, 
during the daytime, was only 63 per cent. From 1946 to 1962 the only quarterly average below 
80 per cent was that for the third quarter of 1957 (see Fig. 75, p. 145). 

Samples were taken by the P.L.A. immediately above the weir at Teddington on each Wednesday 
from January 1948 to December 1961. The samples were examined for temperature, alkalinity, 
pH value, chloride, albuminoid nitrogen, free and saline ammonia, nitrite, nitrate, B.O.D., 
permanganate value, suspended solids (total and volatile), and dissolved oxygen. 

From October 1943 to December 1961, samples were taken every two weeks by the L.C.C. 
immediately above the weir at Teddington, near the Middlesex (left) bank. Similar sampling was 
carried out from 1915 to 1921, and the water at Teddington was examined at earlier times—notably 
in the survey of 1893-944, On 1st January 1962, sampling was discontinued and both the P.L.A. 
and L.C.C. now use the weekly results obtained by the Thames Conservancy. The samples taken 
by the L.C.C. were examined for temperature, alkalinity, pH value, chloride, free and saline 
ammonia, nitrite, nitrate, B.O.D., permanganate value, and dissolved oxygen. 

The Thames Conservancy has taken weekly samples immediately above Teddington Weir since 
1947. These samples are examined for temperature, pH value, chloride, albuminoid nitrogen, free 
and saline ammonia, B.O.D., permanganate value, suspended solids (not determined when the 
concentration is low), and dissolved oxygen. B.O.D. averages are shown in Fig. 25. Since the 
summer of 1947 the same authority has measured the river temperature at 9 a.m. each day and the 
daily maximum and minimum temperatures. 

When the water immediately upstream of Teddington Weir is deficient in dissolved oxygen some 
aeration occurs in passing over the weir, but when the water is initially supersaturated some oxygen 
is lost; this is discussed on pp. 335-336. 

Results of the Laboratory’s analyses are shown in Tables 23-25 (pp. 51-58). The figures for 
1950-51 (‘Table 23) are for samples taken immediately above the weir; from 1952 all the samples 
were taken from the footbridge roughly 300 yd below the weir. 
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Fic.,25. Annual averages of B.O.D. of River Thames immediately 
upstream of Teddington Weir (Thames Conservancy data) 
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RIVER CRANE AND DUKE OF NORTHUMBERLAND’S RIVER 
(North Bank, 15-22 and 14-90 miles above London Bridge respectively)* 


The River Crane rises in the Harrow area of Middlesex and is joined near Hounslow Heath 
by the Duke of Northumberland’s River; the latter is an artificial channel which takes a controlled 
flow from the River Colne near Harmondsworth. After about 3 miles the two rivers separate, 
the Crane entering the Thames at Twickenham and the Duke of Northumberland’s River about 
4 mile seaward, at Isleworth. 


Flow 


The flow of the Crane is gauged by the Middlesex County Council at Marsh Farm, a short 
distance after the rivers separate. Some average figures} are shown in Table 8. 


Table 8. Typical quarterly averages of flow of River Crane at Marsh Farm 
(gauged by Middlesex County Council) in m.g.d. 


Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
1946 21 7 6 14 12 
1950 12 7 10 16 11 
1952 Z 29 6 24 15 


The flow of the Duke’s River is generally maintained between 15 and 25 ft/s, and for the 
purposes of this Report is assumed to be constant at 11 m.g.d. (20-4 ft?/s). 


Quality . 

No regular sampling of these rivers is carried out except by the P.L.A. Annual averages of the 
B.O.D. of the water shortly before entering the estuary are shown in Fig. 26. Resuits of analyses 
made by the Laboratory are shown in Tables 23-25 (pp. 51-58). 

In 1951-53 the Crane was sampled from the bridge on the New Chertsey Road, rather more 
than 4 mile from the confluence with the Thames; in 1958 the samples were taken from the bridge 
on St. Margarets Road, 200 yd from the estuary. All the samples from the Duke of Northumberland’s 
River were taken at the last weir, about 50 yd from the Thames. Sampling in the earlier surveys 
was carried out below the weir, but in Table 25 some figures are also given for samples taken 
above it. 


B. O. D. (p.p.m.) 
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Fic. 26. Annual averages of B.O.D. of River Crane and 
of Duke of Northumberland’s River (P.L.A. data) 
Values for 1931-35 estimated from permanganate values 
River Crane, broken line; Duke of Northumberland’s River, 
continuous line 


* The position of the mid-point of the confluence of each tributary with the estuary is shown in parentheses. 


+ In Table 8, and in many other tables in the Report, values have been expressed to fewer significant figures than the 
original data. Average values have been calculated before rounding off. 
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RIVER BRENT 
(North Bank, 13-65 miles above London Bridge) 


The sources of the River Brent are in Harrow, Hendon, and Barnet. The entire course of the 
river lies in highly developed areas. At Brent Reservoir (the Welsh Harp) the width is between 
500 and 1300 ft for nearly a mile. The lower reaches are canalized. 


Flow 
The flow is recorded by the Middlesex County Council at Monks Park, London, N.W.10; 
some quarterly averages are shown in Table 9. 


Table 9. Quarterly averages of flow of River Brent at Monks Park 
(gauged by Middlesex County Council) in m.g.d. 


Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
1946 18 9 18 23 17 
1949 7 3 3 13 7 
1950 16 3 6 13 10 
1952 13 9 7 30 15 
Average 13 6 8 20 12 





Quality 

Samples are taken quarterly, by the Council, at seven points from Neasden Lane to Brentford 
High Street; the following determinations are made: temperature, alkalinity, pH value, chloride, 
albuminoid nitrogen, free and saline ammonia, nitrite, nitrate, B.O.D., permanganate value 
(3-min and 4-h), and suspended solids (total and loss on ignition). Records are available from 1952. 
B.O.D. averages for samples taken by the P.L.A. are shown in Fig. 27. 

Results of the Laboratory’s analyses are given in Tables 23-25 (pp. 51-58). All but one of the 
samples were taken at a weir about 400 yd from the confluence with the estuary, in the earlier surveys 
all the samples being taken above the weir; sampling positions in the 1958 surveys are shown in 
Table 25. 
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Fic. 27. Annual averages of B.O.D. of River Brent 
(P.L.A. data) 


Values for 1931-35 estimated from permanganate values 


BEVERLEY BROOK 
(South Bank, main outlet 7-96 miles above London Bridge) 


Beverley Brook rises at Cheam, Surrey, and has two outlets to the Thames. The main point 
of discharge is about 4 mile upstream of Putney Bridge, and the subsidiary outlet (11-11 miles 
above London Bridge) is just upstream of Barnes Bridge. The second channel is used mainly as a 
storm relief, but carries the whole flow when maintenance work is in progress on the main channel 
below Barnes Recreation Ground. In dry weather, the flow through the lower reaches consists 
largely of the effluents from sewage works at Sutton and at Worcester Park. 
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Flow 


The flow is recorded by the Surrey County Council at Wimbledon Common, about 4 miles 
from the confluence with the estuary; some quarterly averages are shown in Table 10. 


Table 10. Quarterly averages of flow of Beverley Brook at Wimbledon Common 
(recorded by Surrey County Council) in m.g.d. 


Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
1949 8 8 7 11 9 
1950 1 10 10 dial 11 
1951 22 11 9 15 14 
1952 12 10 9 13 11 
1953 10 10 10 — —_ 





Average 13 10 | 9 12 11 


Quality 

About eight samples a year are taken by the Council and analysed for nitrite, nitrate, B.O.D., 
and suspended solids, and occasionally for dissolved oxygen. Records are available from 1940. 
B.O.D. averages for samples taken by the P.L.A. are shown in Fig. 28. 

The Laboratory’s samples (Tables 23-25, pp. 51-58) from the main channel were taken from 
the bridge in Station Road, Barnes; this point is about 14 miles from the confluence with the Thames. 
When the main channel was under repair, the samples were taken from the subsidiary channel 
just below the point where it leaves the main channel about 600 yd from the Thames. 
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Fic. 28. Annual averages of B.O.D. of Beverley Brook 
(P.L.A. data) 


Values for 1931-35 estimated from permanganate values 


RIVER WANDLE 
(South Bank, 6-61 miles above London Bridge) 


The River Wandle rises at Croydon and Carshalton, Surrey, and passes through a highly 
developed area before entering the estuary at Wandle Creek just upstream of Wandsworth Bridge. 
In dry weather the flow consists largely of the efHuents from the Wandle Valley Sewerage Board’s 
works at Mitcham and from sewage works at Croydon and Wimbledon; in addition, a board mill 
in Wandsworth discharges a considerable volume of highly polluting organic wastes (treatment at 
this mill has recently been improved). The lower reaches are canalized and the bed is covered 
with a black deposit of sludge which gases freely; large pieces of sludge rise to the surface and are 
carried into Wandle Creek. In parts of the river the flow is sluggish, and much of the suspended 
matter is deposited. Detergents sometimes cause considerable foaming as sewage effluents form 
such a high proportion of the flow. 'I'wo electricity-generating stations using water from the Wandle 
for cooling purposes produce an appreciable rise in the temperature of the river. 

The lower reaches are shown in Fig. 29. The river enters Wandle Creek over a complicated 
weir system at Lower Mills, Wandsworth, about 240 yd from its confluence with the Thames. 
An elevation of the structure is shown in Fig. 30 which has been copied from a drawing made follow- 
ing a survey carried out in the middle of 1958 by the Main Drainage Division of the Engineer’s 
Department of the L.C.C. 


32 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 
Fic. 29. (Left). ‘Tidal reaches of River Wandle 


Hatched portion represents course of river at low water; dotted portion 
shows additional area submerged at high water 


Fic. 30. (Below). Elevation of weir at Lower Mills, Wandsworth 
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Flow 

The flow is recorded by Surrey County Council at the Grove, Carshalton, at Beddington Park 
(above which the drainage area is 47 square miles), and at Wandle Park (drainage area 68 square 
miles). Records for the first station are available from March 1950, and for the other two stations 
from July 1936. The flow was also recorded by the L.C.C. at a weir at Middle Mills, Wandsworth 
(see Fig. 29), until May 1960 when the weir was removed; some details are given in Table 11. 


Table 11. Monthly averages of flow of River Wandle at Middle Mills, Wandsworth 
(recorded by L.C.C.) in m.g.d. 





1949 | 1950 | 1951 | 1952 | 1953 | 1954 | 1955 | 1956 | 1957 


January 33 18 34 63 44 49 44 29 26 
February 23 42 76 61 Sil 62 34 22 32 
March 24 15 86 47 40 62 34 20 23 
April 37, 25 91 42 46 58 28 23 23 
May Ag 25 79 46 56 43 41 16 PR 
June 24 30 60 41 41 31 31 20 20 
July 14 21 47 30 ea] 57 21 26 23 
August 14 16 41 36 24 54 21 22 20 
September 12 17 42 28 50 44 31 20 20 
October 31 15 42 28 42 53 21 22 15 
November 25 ot 47 48 50 de 18 23 23 
December 21 22 50 46 46 69 22 27 32 
Average 24 23 58 43 43 55 29 22 23 





Quality 

The condition of this tributary has been of considerable concern for many years. Diversion of a 
board-mill effluent to the sewer, and the improved treatment at another board mill and at the 
Wandle Valley Sewerage Board’s works, have reduced the polluting load borne by the river. 

In March 1962 the L.C.C. completed its River Wandle Improvement Scheme under which 
the capacity of the river was increased, certain obstructions were removed, and a more uniform 
gradient was produced. A similar scheme is being carried out by the Surrey County Council. 
Both schemes will reduce flooding risks in the Wandle Valley® and will tend to restrict the deposition 
of solid matter; the discharge of solids to the Thames should thus be more uniform. 

Three sets of samples are taken each year by the Surrey County Council at eleven points from 
Croydon to Trewint Street, Wandsworth, 12 miles from the Thames. All the samples are analysed 
for B.O.D., suspended solids, and dissolved oxygen, and occasional ones for chloride, free and saline 
ammonia, nitrite, nitrate, permanganate value, and dissolved solids. B.O.D. averages for samples 


taken by the P.L.A. are shown in Fig. 31. 
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Fic. 31. Annual averages of B.O.D. of River Wandle 
(P.L.A. data) 


Values for 1931-35 estimated from permanganate values 


| Regular sampling is also carried out by the L.C.C. Records extend back to 1930 for eight points 

in the river, and occasional analytical results are available back to 1904. Since March 1961, samples 
have been taken at four points twice a month under dry-weather conditions; determinations are 
made of temperature, pH value, chloride, free and saline ammonia, nitrite, nitrate, B.O.D., 
permanganate value, suspended solids, and dissolved oxygen. 

In the Laboratory’s survey from 1950 to 1953 all the samples were taken from a bridge a few 
yards above the weir at Lower Mills (see Fig. 29); the results of the analyses are shown in Tables 23 
and 24 (pp. 51 and 53). In the surveys made in 1958 (‘Table 25), samples were taken both above and 
below the weir. 


A 24-HOUR SURVEY AT WANDLE CREEK 


A survey was made of the water discharging to Wandle Creek from 10 a.m. on 11th to 10.45 a.m. 
on 12th November 1958, thus covering two tidal cycles; a spring tide occurred on 13th November. 
For about 5 h of each tidal cycle the water at the foot of the weir at Lower Mills, Wandsworth, 
was nearly constant at the level of Newlyn Datum (see Fig. 30). For about 24 h around high water 
the level was higher than the top weir, but in only the first of the two tidal cycles was the direction 
of flow reversed. 

Samples for dissolved oxygen were taken every } h above and below the weir except when this 
became submerged. When the direction of flow reversed, sampling was carried out from a 
convenient point upstream. At the same time a composite sample for more detailed analysis was 
prepared from equal amounts taken at four successive }-h intervals. 


Dissolved oxygen 


The concentration of dissolved oxygen in the water as it enters Wandle Creek depends on two 
main factors: the quality of the water as it reaches the weir, and the aeration taking place in passing 
over it. The former depends on river flow and on the quantity of polluting matter discharged, 
and the latter is determined mainly by the tidal conditions and by the oxygen content of the water 
arriving at the weir. Results of the dissolved-oxygen analyses are shown in Fig. 32, where the amount 
of aeration taking place at the weir is clearly seen. This aeration is discussed more fully on p. 335. 


Temperature 


The variations in temperature are shown in Fig. 33. All except five of the plotted points represent 
the average values at the weir. The temperature of the water (which changes little in passing over 
the weir) depends on that of the river as it passes Middle Mills and on the heat discharged from 
Wandsworth Power Station 100 ft upstream of Lower Mills. The lower temperature between 
1 and 2 p.m. on the first day resulted from moving the sampling point upstream of the power-station 
outfall when the direction of flow in the river was reversed, and indicates that the heat discharged 
from the power station was raising the temperature of the water by about 4 degC at this time. The fall 
in temperature from 9 p.m. to midnight and the rise from 7 to 9 a.m. were caused by the closing 
down of the power station during the night. 


Analysis of composite samples 


Details of the analyses carried out on the composite samples are shown in Table 12; the mean 
and extreme values of most of the constituents are also included in Table 25 (p. 57) where they are 
compared with the results of samples taken on other occasions. Generally speaking the concentrations 
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of these constituents did not vary widely during the 24 h of the survey. However, appreciable 
differences were found between this survey and the others carried out from October 1958 to 
January 1959. 

Figures for the B.O.D. and ultimate oxygen demand are included in Table 12. The U.O.D. 
has been calculated by means of Equation 34 (p. 221) with the inclusion of the term for nitrous 
nitrogen referred to below that equation. The figures for B.O.D. and U.O.D. in the other surveys 
cover a wider range than in the 24-h survey; the U.O.D./B.O.D. ratios were highest in the samples 
taken in December and January. 

Also shown in Table 12 are values for the initial rate of uptake of oxygen found by keeping 
samples for about 2 h at roughly the temperature of the river. The average hourly uptakes for 
20 samples was 0:22 p.p.m. which represents 1-1 per cent of the 5-day B.O.D. for the same 
samples (1 h is 0-83 per cent of 5 days). 


Net polluting load 

In the last line of Table 12 the estimated loads discharged to the estuary are shown for the 
various constituents examined in the table. It is seen that the estimated U.O.D. load was 13-2 tons/day. 
The oxygen deficiency in the water discharged was equivalent to a further 0-6 ton/day, giving a 
total oxygen requirement of 13-8 tons/day. However, if the oxidized nitrogen were later reduced 
to molecular nitrogen, 3-4 tons/day should be subtracted from the total. 
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THE RAVENSBOURNE 
(South Bank, 4-46 miles below London Bridge) 


The Ravensbourne rises at Bromley, Kent, and flows through highly developed areas to enter 
the Thames at Deptford Creek. 


Flow 

Several local authorities share an interest in this tributary, but there is no gauging station and 
it has not been possible to obtain any accurate information about the flow. An estimate by the P.L.A. 
gave the average flow as 8 m.g.d. and in the absence of other information this figure has been used 
for all times of year. Although the estimates of loads derived from this value may be considerably 
in error, the loads themselves are so small that the error is probably of little importance. 


Quality 

Yearly averages of the P.L.A.’s figures for B.O.D. are plotted in Fig. 34. The results of the 
Laboratory’s surveys of 1952-53 and 1958 are shown in Tables 24 and 25 respectively (pp. 54 and 57). 
All the samples were taken from Deptford Bridge on the main road between New Cross and 
Greenwich. 
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Fic. 34. Annual averages of B.O.D. of Ravensbourne 
(P.L.A. data) 


Values for 1931-1948 estimated from permanganate values 


RIVER LEE 
(North Bank, 6-91 miles below London Bridge) 


The River Lee rises at Luton, Beds., and is canalized for much of its length before entering 
Bow Creek. A map of the tidal reaches is shown in Fig. 35. This river is an important source of 
the M.W.B. supply. 

Responsibility for the prevention of pollution of the Lee and its tributaries was originally 
given to the Lee Conservancy Board by the Lee Conservancy Act of 1868 which has been amended 
from time to time by subsequent Lee Conservancy Acts. In 1948 this responsibility was transferred 
to the Lee Conservancy Catchment Board which had been set up in 1930 as a land-drainage authority. 


Flow 


From 1851 to 1932 the discharge of the Lee was gauged at Feildes Weir, Hoddesdon, about 
23 miles from the estuary, by thrice daily observation of water levels; since 1932 the upstream and 
downstream water levels have been recorded continuously and the extreme range of flows has been 
from zero to 2250 m.g.d. The drainage area above Feildes Weir is 400 square miles, and the total 
drainage down to the confluence with the Thames, at the mouth of Bow Creek, is 548 square miles. 

Until recently, it was estimated that the natural flow at Feildes Weir was about five-sevenths 
of the natural flow at Bow Creek, but there was insufficient information concerning the discharges 
of streams entering the lower reaches for this proportion to be checked..As the M.W.B. abstracts 
water from both above and below the weir, the net discharge to the Thames was assumed to be 
given by the relation 


QO = $(0,+ 4) — (A+B), (3) 


where Q, is the flow gauged at Feildes Weir, and A and B are the rates of abstraction above and 
below the weir respectively; the effects of discharges of sewage and industrial efluents were thus 
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neglected. The records of flows at Feildes Weir, and of abstractions by the M.W.B. at New Gauge, 
Hertford, and at Chingford (respectively upstream and downstream of Feildes Weir), since 1905, 
have been published in the Annual Reports® of the M.W.B. 

In 1962 the results of a hydrological survey of the Lee Basin were published’, and it appears 
that the average flow at Bow Creek may by that time have been augmented by some 30 m.g.d. 
of effluents discharged below Feildes Weir. The way this increase has changed over the years has 
not been examined. Furthermore, it is now considered that the ratio of 7/5 in Equation 3 is slightly 
too high and this will offset, to some extent, the exclusion of the effects of discharges below Feildes 
Weir. 

The revised information was obtained too late to be taken into account in the present work, 
and Equation 3 has been used throughout. Monthly averages of the flow to the Thames, calculated 
in this way, are shown for selected years in Table 13. 


Table 13. Monthly averages of flow of River Lee at Bow Creek, in m.g.d., 
estimated from Equation 3 and Lee Conservancy figures 










































































1910 | 1920 | 1930 | 1940 | 1950 | 1951 | 1952 | 1953 | 1955 | 1957 | 1959 | 1961 
January 239 1) 3212 | +268 101 I 230 1 4 30: 1S TSS 183 Somme Of e202 
February 298 98 | 178 | 347 | 228) 454 91 241 119}, :209 78 | 247 
March 131 BY) .169 | 258 Sheu Si0HI 186 993 | = 103 54 | 119] 143 
April 99 | 273 124 | 143 28 | 303 158 83 50 29 92200 
May 96 55 79 71 28/156 68 74 89 10 33 75 
June 33 46 a2 33 13 77 58 46 94 5 13 24 
July 37 39 19 22 19 38 36 33 9 5 12 8 
August 5 40 20 9 15 46 46 36 5 8 7 + 
September 4 41 19 2 16 52 Sit 29 4 7 8 0 
October 4 41 30 11 14 39 50 15 8 7 8 —2 
November 66 35 108 | 189 51 155 117 26 14 28 10 10 
December 392 39 | 194 77 55 107 | 242 6 6 31 21 74 
Average 109 106 42 163 101 69 57 























The rate of abstraction by the M.W.B. can be an appreciable proportion of the total river flow. 
Annual averages of the rates of abstraction above and below Feildes Weir are shown, both separately 
and together, in Fig. 36. This graph is misleading in that it shows only the average rate of 
abstraction over the year, whereas at times of low river flow the rate of abstraction is generally 
much less; monthly averages for all the quantities referred to im Equation 3 are shown in Table 14 
for 1949 which was an exceptionally dry year. 
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Table 14. Monthly average figures of discharge and abstraction for 
River Lee during 1949, in m.g.d. 





cee 0” | Abstraction | Abstraction Total ee 

fg Folgglgen above weir below weir abstraction B Eps h 

Weir (4) (B) (A +B) ow Cree 
(Qo) (Q) 
January 94:5 14:4 86:1 100-5 52-0 
February 49-5 14-4 57:4 71°8 slow 
March 32-2 14-4 36:2 50-6 14-6 
April 24:9 13-0 27:1 40-1 13-0 
May 19-1 12-4 19-8 3222 11-9 
June 7°9 13-0 6°8 19-8 9°5 
July 1:5 18-3 2:1 20:4 ies 
August 2:0 13-8 0-9 14-7 7:3 
September 4-2 123 0-0 12-3 10:7 
October 13-4 12-4 16-0 28-4 7-9 
November 30:7 12:5 37-4 49-9 10-4 
December 38-6 15:8 48-9 64-7 LOS 
Average 26:5 13-9 28:1 42-0 14-5 

















Quality 

The Lee Conservancy Catchment Board normally examines all known discharges of sewage 
effluent, trade effluent, cooling-water, and surface water to the Lee and its tributaries at intervals 
ranging from one to six months, depending on the importance of the discharge. Samples of the Lee. 
itself, and of its major tributaries, are taken weekly by the Board at 11 points which are directly 
affected by major discharges and monthly at a further 30 points. The samples of effluents and river 
water are at present examined by the Board’s Consulting Chemists for appearance, odour, chloride, 
albuminoid nitrogen, free and saline ammonia, nitrite, nitrate, B.O.D., permanganate value in 4 h, 
suspended solids, dissolved oxygen and temperature. The Board will shortly have its own laboratory 
for the chemical analysis of samples of efHuents and river waters and for the examination of samples 
taken during biological surveys of the river. 

Samples have been taken weekly by the M.W.B. from the river at Chingford, Essex, since 1939 
(and daily from 1921 to 1939) and at New Gauge, Hertford, since 1946. At the present time the 
samples from each of these points are examined for colour, turbidity, hardness (total and non- 
carbonate), pH value, electrical conductivity, chloride, albuminoid nitrogen, free and saline ammonia, 
oxidized nitrogen, B.O.D., permanganate value, phosphate, and silica; suspended solids are 
determined less frequently but detailed microscopical examination of suspended matter is always 
carried out. ‘The Annual Reports® of the M.W.B. include analytical figures for the river water 
as far back as 1906. 

The P.L.A. takes samples at Bromley Weir at the start of Limehouse Cut (see Fig. 35); B.O,D. 
averages are shown in Fig. 37. In 1952-53 nearly all the Laboratory’s samples were taken from below 
the weir and sluice at Three Mill Lane, Bromley-by-Bow; the results are summarized in Table 24 
(p. 54). In 1958 the samples were generally taken either at this point or at Lea Bridge Road 
(see ‘Table 25). 


A 24-HOUR SURVEY OF THE TIDAL REACHES 


Under normal spring-tide conditions the Lee is tidal up to the weir at the M.W.B. works just 
downstream of Lea Bridge Road and 6-5 miles from the point of confluence with the estuary 
(see Fig. 35). The system is complicated by branching of the river, by the Lee Navigation, and by 
small tributaries entering the tidal reaches. 

A survey was made of the tidal reaches from 10 a.m. on 2nd to 10.45 a.m. on 3rd December 
1958, thus covering two tidal cycles; a neap tide occurred on 5th December. Samples for analysis 
of dissolved oxygen were taken, whenever possible, every + h. Where aeration occurred at a weir, 
samples were generally taken above and below it. 

Hourly composite samples were obtained for analysis of ammoniacal, nitrous, and nitric 
nitrogen. Further portions of these samples were sent back to the Laboratory where they were 
examined for permanganate value, B.O.D., and contents of organic carbon and total oxidizable 
nitrogen. ‘These composite samples were generally made up from equal amounts of four }-h samples 
taken as far downstream as convenient, but not so far downstream that they were likely to contain 
any water from the Thames Estuary. 
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Dissolved oxygen 


The number of samples taken from 10 sampling points for dissolved-oxygen analysis was 233. 
In examining the results, the oxygen content was first plotted against time for each sampling point; 
then, by interpolating between the plotted points (where this seemed justifiable after taking into 
account the tidal effects and the time interval between samples), a series of curves was drawn to 
show the variation in dissolved oxygen along the river. The distribution of dissolved oxygen may 
be expected to change with time of day and state of tide; the curves for 4 p.m. and 4 a.m., which 
show the biggest differences, are compared in Fig. 38—the difference between the two curves 
amounts to about 1 p.p.m. between the water works and Three Mill Lane. Broadly speaking it 
appears from the results of this survey that substantial aeration was provided at the water-works weir, 
and that the concentration of dissolved oxygen then fell at a rate of about 11 p.p.m./mile until the 
weir system at Three Mill Lane was reached; much of the lost oxygen was regained at the weir and 
the oxygen content then continued to fall at about the same rate. The aeration taking place at the 
latter weir is discussed more fully on p. 336. 
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Fic. 37. Annual averages of B.O.D. of River Lee at Fic. 38. Variations in dis- 
Bromley Weir (P.L.A. data) solved oxygen along tidal portion 
Values for 1931-1948 estimated from permanganate values of River Lee, at 4 p.m. on 2nd 


and 4a.m.on 3rd December 1958 


Temperature 


In the 3-6 miles from Homerton Road to East India Dock Road the temperature of the Lee 
was between 10° and 144°C throughout the survey. There were only four temperature measure- 
ments made at Lea Bridge and each was around 9°C; immediately below the weir at the water 
works the temperature varied between 10-2° and 18-4°C—a power station uses the water from 
the river between Lea Bridge and the water works for cooling purposes. 


Analysis of composite samples 


Results of analysis of the hourly composite samples are shown in Table 15. The variations 
over 24 h are generally not excessive—for most of the constituents the maximum concentration 
is usually less than twice the minimum; wider variations are found, however, in the concentration 
of suspended solids and in the loss on ignition. The range of concentrations is not, in general, as 
wide as was found in the other samples taken in October-December 1958. Values obtained for the 
U.O.D./B.0.D. ratio during other surveys indicate that the average figure of 10-6 in Table 15 
is not representative of all the samples taken from this tributary. 


Net polluting load 


In the last line of Table 15, where the estimated loads discharged to the estuary are shown for 
the various constituents examined in the table, it is seen that the estimated U.O.D. load was 
14-8 tons/day. The oxygen deficiency in the water discharged was equivalent to a further 0-7 ton/day, 
giving a total oxygen requirement of 15-5 tons/day; if the oxidized nitrogen were later reduced to 
molecular nitrogen, 4-4 tons/day should be subtracted from this total. 
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RIVER RODING 
(North Bank, 11-66 miles below London Bridge) 


The Roding rises at Chapel End, near Great Dunmow, Essex, and flows for 41 miles through 
both rural and urban areas before entering the estuary at Barking Creek. The last 5 miles from 
Redbridge, Wanstead, are subject to tidal influence. The catchment area above Redbridge covers 
117 square miles and is nowhere more than 10 miles wide. Sewage efHuents form a large part of 
the flow in dry weather. 


Flow 

The flow is recorded automatically by the Essex River Board a’ Redbridge, Wanstead; records 
are available from January 1950. Some quarterly average values are shown in Table 16. The highest 
rate of discharge recorded up to the end of 1962 was 600 m.g.d. and the lowest daily flow was 
1-0 mil gal. 


Table 16. Quarterly averages of discharge of River Roding at Redbridge, Wanstead, 
(recorded by Essex River Board) in m.g.d. 





Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
1950 aa 9 20 — 
1951 120 10 33 49 
1952 43 8 37 27 
1953 37 4 13 16 
1954 44 6 37 24 
1955 50 4 8 20 
1956 38 12 22 20 
1957 53 + 18 20 
1958 54 42 59 46 
1959 38 2 i3 ily/ 
1960 36 20 — — 
Average 51 11 26 26 





Quality 

Regular samples of each sewage effluent entering the river above Ilford, and occasional samples 
of river water, were taken by Essex County Council from 1930 to 1952. This sampling programme 
has been continued by the Essex River Board which has also examined the discharges to, and 
quality of, the lower reaches since 1954. Samples are examined for temperature, alkalinity, 
pH value, chloride, albuminoid nitrogen, free and saline ammonia, nitrite, nitrate, B.O.D., 
permanganate value, total solids, dissolved oxygen, and synthetic detergents; a biological 
examination is also made. Average B.O.D. values for samples taken by the P.L.A. are plotted 
in Fig. 39. 
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Fic. 39. Annual averages of B.O.D. of River Roding 
(P.L.A. data) 


Values for 1931-1948 estimated from permanganate values. 
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From May to August 1952, samples were taken by the Laboratory either from the Bridge in 
London Road, Barking, or from just above the lock gates at Town Quay; these two points are 
respectively 2 and 1-8 miles from the confluence with the estuary. Thereafter, until March 1953, 
samples were taken at Redbridge. Results of these surveys are summarized in Table 24 (p. 54). 
The same sampling points were generally used in the surveys at the end of 1958 (see Table 25, 
Bases 


BEAM RIVER 
(North Bank, 14-25 miles below London Bridge) 


From its source at Navestock, Essex, to where it discharges to the Thames through Hornchurch 
Sluice, Dagenham, the Beam is about 124 miles long. The upper part of the river is known as the 
Bourne Brook, and the middle as the River Rom. The catchment area is 29-7 square miles. 

Hornchurch Sluice is closed by a tidal flap which is generally open when the level in the 
Thames is lower than 5 to 7 ft below Newlyn Datum—the precise level depending, of course, 
on the level in the Beam. Under average conditions the Beam discharges to the Thames for only 
about 34 h during the tidal cycle. For the remaining 9 h, ponding occurs and the level rises in the 
river and in Dagenham Breach—a lake with an area of approximately 0-07 square mile connected 
to the Beam by a short channel about } mile from the sluice (see Fig. 40). Ponding generally occurs 
up to the bridge on the London—Southend road (A13). 


Fic. 40. (Left). Rough map of tidal portion of Beam 
SCALE (miles) . River 


0 Fic. 41. (Below). Annual averages of B.O.D. of 
Beam River (P.L.A. data) 


Values for 1931-1948 estimated from permanganate 
values 


B.O.D. (p.p.m.) 
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Flow 

From 1941 to 1953 the flow was automatically recorded by the Essex River Board at Dagenham, 
about 2 miles above Hornchurch Sluice; at times of high flow the measurements may have been 
inaccurate owing to ponding. Some quarterly averages are shown in Table 17. 


Table 17. Quarterly averages of discharge of Beam River at Dagenham 
(recorded by Essex River Board) in m.g.d. 










Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter |. Average 








1949 5 es 11 14 12 
1950 18 12 15 14 
1951 27 by 19 
OS Z 18 is: 16 
1953 16 — — 
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Quality 

The Beam is polluted by discharges of sewage effluents and industrial wastes; one of the major 
discharges is the 7 m.g.d. from Bretons Farm Sewage Disposal Works (Romford and Hornchurch 
Joint Sewerage Board). 

Before 1952, the only sampling carried out, except by the P.L.A. (see Fig. 41), was that of all 
sewage effluents by the Essex County Council. Since 1952, all effluents entering above Rainham 
have been sampled by the Essex River Board. Samples are now taken at fortnightly intervals at 
Beam Bridge (see Fig. 40), and at 10 other points along the river at times of low flow; the analyses 
carried out on these samples are the same as on those taken from the Roding. 

The Laboratory’s regular examination of the Beam started in April 1952 and finished in June 
1953, weekly samples being taken just above Hornchurch Sluice regardless of whether this was 
open or closed. From June 1952, additional samples were taken from Dagenham Breach, and from 
August 1952 at Beam Bridge; no further samples were taken from these two points after November 
1952. Results of the analyses are summarized in Table 24 (p. 55). Samples examined in 1958 
were taken at Beam Bridge (‘Table 25, p. 58). 


A 24-HOUR SURVEY AT HORNCHURCH SLUICE 


A survey of the Beam River was carried out on Tuesday, 9th December 1958, all the samples 
being taken as close to the upstream side of Hornchurch Sluice as was practicable. In the first part 
of the survey, sampling started at 2.23 a.m., when a slight trickle of water could be heard at the 
sluice. Within 10 minutes the level in the Beam started to fall, and after 14 h had fallen by about 
4 ft. During the period when the levels in the river and Breach were falling rapidly the rate of dis- 
charge was very great, probably exceeding 100 m.g.d. at about 3.30 a.m. No change in level was 
observed from 4 a.m. until the flow ceased when the tidal flap closed at about 6.45 a.m. In the 
second part of the survey, sampling was carried out from 3.30 p.m., when the flow was just starting, 
until 7.28 p.m., when the flap closed. 


Dissolved oxygen 


The variations in dissolved oxygen for the two parts of the survey are shown together in Fig. 42. 
It appears that, roughly speaking, the flow during the first 4 h represented the water ponded in 
the last 4 mile of the Beam, the next hour the water impounded in Dagenham Breach, and the 
remaining 24 h the normal flow of the river. ‘The two curves are very similar until the level stopped 
falling; evidently the water entering from the Beam contained more oxygen in the afternoon than 
in the early morning. 








DISSOLVED OXYGEN (p.p.m.) 
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Fic. 42. Variations in dissolved oxygen in Beam River 
at Hornchurch Sluice on 9th December 1958 
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Temperature 
The variations in temperature are plotted in Fig. 43(a), where there is again seen to be a 
correspondence between the two tidal cycles. 


Analysis of composite samples 


Results of all the analyses of composite samples are shown in Table 18. As in the case of 
dissolved oxygen and temperature, there is close agreement between most of the analytical figures 
for corresponding times in the two parts of the survey. On both occasions the highest figure for 
suspended solids was found in-the second composite sample when the discharge was greatest. 
However, the first figure is unlikely to be fully representative of the concentration of solid matter 
discharged through the sluice, as, when the first two individual samples were taken in the 
morning survey, it was noticed that after the sampler had been lowered to the bottom of the channel, 
a few feet upstream of the sluice, it rested on a thin layer of mud; this had been washed from the 
concrete bed by the time the third sample was taken. 

As may be seen from Fig. 43(b), the agreement between the B.O.D. values for the two surveys 
is as close as would be expected if the figures had represented two sets of determinations made in 
a single survey. Because of variations in the values found for the concentration of organic carbon, 
possibly due to uncertainties in the method of analysis (see p. 572), the U.O.D. figures shown in 
Table 18 do not change in such a regular manner and this, of course, affects the U.O.D./B.O.D. 
ratio shown in the final column of the table. The variations in the nitrogen figures are of interest; 
in both parts of the survey the lowest figures for nitric nitrogen are found in the first composite 
sample, and the fact that the changes during each part of the survey are almost identical would 
suggest that some denitrification takes place while the water is impounded in Dagenham Breach. 
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Fic. 43. Variations in (a) temperature and (b) B.O.D. of Beam River at Hornchurch Sluice on 
9th December 1958 


Net polluting load 


The way in which the discharge through the sluice changed during the survey is not known, 
and even the total discharge is uncertain. The Essex River Board gauged the flow at Beam Bridge 
on the day of sampling at 9.20 and 11.25 a.m. and at 2.10 and 4.05 p.m. when the estimated flows 
were 10-2, 18-5, 19-6, and 17-5 m.g.d. respectively. In the 24 h ending 9 a.m. on the same day 
the rainfall recorded at Romford was 0-30 in., none of this having fallen between 2 and 9 a.m.; 
the peak discharge resulting from the rainfall passed Beam Bridge before gauging was begun. 
In calculating the polluting load the flow was assumed to be 18 m.g.d. and this was multiplied by 
the average concentrations when calculating the daily load of the constituents examined in Table 18. 
Clearly these estimates of the load can be only very rough: the average flow is not known with 
sufficient accuracy, nor is the way in which the flow varied during the survey—this latter factor is 
of considerable importance since the variations in the concentrations of the constituents are so great. 

In the last line of Table 18 the estimated loads discharged to the estuary are shown for the 
constituents examined. The estimated U.O.D. load was 13-1 tons/day. The oxygen deficiency in 
the water discharged was equivalent to a further 0-9 ton/day, giving a total oxygen requirement of 
14-0 tons/day. The amownt to be subtracted from the total if the oxidized nitrogen were later 
reduced to molecular nitrogen is 1-7 tons/day. 
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INGREBOURNE RIVER 
(North Bank, 15-13 miles below London Bridge) 


The length of the non-tidal reaches of the Ingrebourne River from its source at Coxtye Green, 
Essex, to Redbridge Sluice where it enters Rainham Creek is about 124 miles. The creek is about 
a mile long, and the total catchment area is 22-7 square miles. 


Flow 


The flow in this tributary is not measured, but it is believed that the dry-weather flow is 
roughly 1-5 m.g.d. in summer and about 3-7 m.g.d. in winter, and that the average flow over a 
normal year is about 3 m.g.d. The flow has been estimated to reach 120 m.g.d. at times of spate. 


Quality 

About 44 miles from its source the Ingrebourne receives the effluent from the Nag’s Head Lane 
Sewage Works of the Brentwood Urban District Council. It is understood that this effluent is of 
poor quality and that the rate of discharge is about 1 m.g.d. The effluent from the Riverside Sewage 
Disposal Works of Dagenham is discharged to the middle of Rainham Creek, but for the purposes 
of this Report it has been considered as a direct discharge to the estuary (p. 79). 

Before 1952, apart from the analyses made by the P.L.A. (see Fig. 44), sampling of effluents 
and of the river was carried out by the Essex County Council above Rainham. Since that time all 
effluents passing to the river above Rainham, and also the stream waters at times of low flow, 
have been sampled by the Essex River Board. In addition, since August 1955, samples have been 
taken each fortnight at the point where the river is crossed by the main London—Southend (A13) 
road—a short distance above the sluice; the analyses carried out are the same as on the samples 
from the Roding (p. 41). The same point was used when taking the Laboratory’s samples for which 
the results of analysis are shown in Tables 24 and 25 (pp. 55 and 58). 
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Fic. 44. Annual averages of B.O.D. of Ingrebourne 
River (P.L.A. data) 


Values for 1931-1948 estimated from permanganate values 


RIVERS DARENT AND CRAY 
(South Bank, 18-19 miles below London Bridge) 


The River Darent rises at Limpsfield, Surrey, and enters the estuary at Dartford Creek; 
its outlet to the creek is controlled by a tidal flap at Dartford—-about 2 miles from the Thames. 
The River Cray rises at Orpington, Kent, and also flows into Dartford Creek. 


Flow 

The Kent River Board has estimated the flow of the Darent at stp ie Mill (about 1 mile 
above the tidal limit), and of the Cray—either at Hall Place, Bexley, or at Crayford Bridge (res- 
pectively about 2 and 1 miles above the tidal limit)—on one day each week whenever possible, 
since March 1952; less frequent records exist from 1949. Quarterly averages are shown in 
Tables 19 and 20; dashesyin these tables indicate that insufficient figures are available to give 
representative averages. 
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Table 19. Quarterly averages of flow of River Darent at Hawley Mill 
(estimated by Kent River Board) in m.g.d. 








Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter 
1952 — 21 13 21 
1953 — 16 10 13 
1954 19 12 9 — 
1955 — == — — 
1956 —- 9 16 11 
1957 — — 7 15 
1958 19 15 —- 23 
1959 23 15 i 10 
1960 19 13 9 47 
1961 59 24 11 15 
Average 28 16 10 19 














Table 20. Quarterly averages of flow of River Cray 
(estimated by Kent River Board) in m.g.d. 


Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter 


1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
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Quality 

Occasional samples of these tributaries have been taken by the Kent River Board from the 
ime of its formation in 1950. More recently, regular samples have been taken at six points on the 
Darent and four on the Cray; the samples are examined for appearance, temperature, alkalinity, 
9H value, chloride, albuminoid nitrogen, free and saline ammonia, nitrite, nitrate, B.O.D., 
permanganate value, suspended solids (total and loss on ignition), total solids, and dissolved oxygen. 
B.O.D. averages for samples taken by the P.L.A. are shown in Fig. 45. 

The water from these tributaries was not examined by the Laboratory during the surveys of 
1950-53. The results of three samples taken in 1958 are included in Table 25 (p. 58). 
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Fic. 45. Annual averages of B.O.D. of Rivers Darent 
and Cray (P.L.A. data) 


Values for 1931-1948 estimated from permanganate values 
River Darent, continuous line; River Cray, broken line 
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THE MARDYKE 
(North Bank, 18-35 miles below London Bridge) 


The Mardyke enters the estuary through Purfleet Sluice after a course of about 12} miles; 
the catchment area is 39 square miles. 


Flow 


The flow of this tributary is not measured, but the dry-weather flow is believed to be of the 
order of } m.g.d. in summer and about 1? m.g.d. in winter, and the average flow over a normal 
year to be about 6 m.g.d. The flow has been estimated to reach 160 m.g.d. at times of spate. 


Quality 

Before 1952, the only samples examined by the local authority were those of sewage effluent 
taken by the Essex County Council. Since 1952 all effluents passing to the Mardyke have been 
sampled by the Essex River Board which has also examined the quality of the river water at times of 
low flow; since August 1955, samples have been taken fortnightly at the bridge where the A13 
crosses the river. The analyses carried out on the samples are the same as on those taken from the 
Roding (p. 41). Annual average B.O.D. figures for samples taken by the P.L.A. are shown in Fig. 46. 

The Laboratory’s samples were also taken at the A13 bridge, the results of the analyses being 
included in ‘Tables 24 and 25 (pp. 55 and 58). 
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Fic. 46. Annual averages of B.O.D. of the Mardyke 
(P.L.A. data) 
Values for 1931-1949 estimated from permanganate values 


EBBSFLEET STREAM 
(South Bank, 24-8 miles below London Bridge) 


Until some 30 or 40 years ago the source of the Ebbsfleet was a spring about 2 miles from 
where the stream enters the Thames at Robins Creek. Since that time, lowering of the water table 
has caused the spring to dry up, and the stream now starts in chalk pits which have to be pumped 
out to a depth many feet below sea level. 


Flow 


The flow of this tributary is not measured, but is believed to have been roughly 8 m.g.d. in 
recent years. 


Quality 

Until September 1960 the Ebbsfleet received the discharge from Northfleet Sewage Works; 
the effluent is now piped direct to Robins Creek. Apart from this discharge the stream appears to 
be clean and to contribute no significant polluting load to the Thames. 

Regular samples are taken by the Kent River Board, the analyses carried out being the same 
as on the samples taken from the Darent and Cray. Samples have also been taken by the P.L.A. 
since 1948; the average B.O.D. for 10 taken in January—October 1962 was 3-5 p p.m. 








Reproduced by permission of Radio Times and Hulton Picture Library 
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Gravesend Reach, looking downstream from Tilbury 
(26-29 miles below London Bridge) 
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Gravesend Reach, looking downstream from Gravesend 
(27-30 miles below London Bridge) 
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Intertidal mud banks in Tilbury Tidal Basin 
(26 miles below London Bridge) 
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Grab dredger working in Tilbury Tidal Basin 
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RIVER MEDWAY 
(South Bank, 44 miles below London Bridge) 


As was mentioned in the introduction to this chapter, it was not found practicable to include 
the River Medway in the sampling surveys of the tributaries of the Thames Estuary. The Medway 
is tidal up to Allington, some 25 miles from the confluence with the Thames. 


Flow 


The flow has been gauged by the Kent River Board continuously since October 1956. Discharges 
up to about 300 m.g.d. are recorded at Teston, some 6 miles upstream of the tidal sluices at 
Allington. Higher flows are determined from continuous records of the level in the natural channel 
at East Farleigh, 2 miles downstream of Teston; discharges in this section have been related to the 
level by means of current-meter measurements. The flows at East Farleigh are adjusted in proportion 
to the relative drainage areas to give an estimate of the corresponding flows at Teston. The drainage 
area above Teston is 485 square miles; the highest rate of discharge which has been estimated for 
this point is 5600 m.g.d. and the lowest daily total recorded is 13 mil gal. Quarterly averages over 
four years are shown in Table 21. 


Table 21. Quarterly averages of flow of River Medway at Teston 
(recorded by Kent River Board) in m.g.d. 











Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
1950 — — — 170 — 
1957 468 54 43 174 184 
1958 373 162 169 444 287 
1959 276 100 27 264 166 
1960 384 87 101 — — 
Average 375 101 85 263 205 














There are also several gauging points upstream of ‘Teston. Between this point and the tidal 
sluices at Allington the river flow is increased by the addition of an average of some 15 m.g.d. 
from the Loose Stream and River Len. 


Quality 

Samples are taken regularly by the Kent River Board at 23 points, of which 13 are in the tidal 
portion of the river below Allington Sluices. The analyses carried out on the samples are the same 
as on those taken from the Cray and Darent; some average figures are shown in Table 22. 


Table 22. Results of analyses (by Kent River Board) of samples taken 
from River Medway at Allington Sluices 1952-58 


J years ending 



















Year ending 31st March 1958 31st March 1957 
Minimum | Average | Maximum Average 
Temperature (°C) 1 13 OX 14 
Dissolved oxygen (per cent saturation) 6 66 15 49 
Suspended solids (p.p.m.) 10 50 15 
B.O.D. (p.p.m.) 5-1 10:8 8-2 
Ammoniacal nitrogen (p.p.m.) 0:5 1-4 0:7 
Nitric nitrogen (p.p.m.) 4-0 6:2 3-4 








During the 5-year period referred to in Table 22, the river below Allington Sluices received a 
polluting load of some 25 tons B.O.D./day from sewage and other effluents. 
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50 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 
W.P.R.L. SURVEYS OF 1950-53 AND 1958-59 


Results of the surveys of fresh-water discharges, made by the Laboratory in 1950-51, are 
summarized in Table 23. The positions of the sampling points adopted for each tributary have 
already been given under the appropriate main heading in this chapter. During this time only 
temperature and suspended solids were determined. 

At the beginning of 1952 the examination of samples was extended to include determinations 
of dissolved oxygen and B.O.D. Monthly averages and the number of samples from which these 
averages were derived are shown in Table 24. It is seen that for some of the discharges to the 
upper reaches of the estuary two sets of figures are given for the number of samples; this is because, 
in these tributaries, on some occasions the temperature and the content of suspended solids were 
the only properties examined, while on others the determinations included those of dissolved oxygen 
and B.O.D. 

Most of the samples of fresh-water discharges taken in 1958-59 were examined in more detail 
than in the earlier surveys. In particular, analyses were made of organic carbon, and of ammoniacal, 
total oxidizable, nitrous, and total oxidized nitrogen. The results of these surveys are given in 
Table 25. Three 24-h surveys of the Wandle, Lee, and Beam were considered earlier in the chapter 
under the headings of these rivers. 
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FRESH-WATER DISCHARGES 59 


B.O.D. LOADS 


In Table 26 is shown the estimated B.O.D. load entering the estuary from the Upper Thames 
during each quarter of 1950-53. To obtain the figures for 1950-51 and for the second half of 1953, 
use has been made of the results of analyses of fortnightly samples taken by the L.C.C.; the figures 
for the remaining quarters are based on the data given in Table 24. At times of high flow the load 
to the estuary from the upper river may reach 100 tons/day. 


Table 26. Average B.O.D. load discharged from Upper Thames to the estuary in tons/day 





Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
1950 14-8 10-0 sey, 15-6 11-6 
1951 38 +4 28°3 7:8 26-6 29° 
1952 31-0 14-4 5:3 25.5 19-0 
1953 16-9 11-1 7°3 9-0 11-0 
Average 25:3 16-0 6°6 19-2 16-7 











The estimated B.O.D. loads entering the estuary from the tributaries upstream of Gravesend 
in 1952-53 are shown in Table 27. Each quarterly average has been found from the data of Table 24, 
so that in some cases the averages refer to 1 year and in others to 2 years. The average figure 
given in the final column was obtained by giving equal weight to the values shown in the four 
preceding columns. 


Table 27. Estimated average B.O.D. loads discharged from tributaries of Thames Estuary in 1952-53 


Figures in italics are calculated from rough estimates of flow 


| Position of confluence B.O.D. load (tons/day) 























Tributary Miles from North or 

London south Ist 2nd 3rd 4th 

Bridge bank Quarter Quarter Quarter Quarter Average 
Crane 15-2 above N 0:3 0:5 0-1 0:8 0:4 
Duke of Northumberland’s 1 Are On N 0-4 0:3 0:2 0-3 0-3 
Brent 13207 ae N 0:4 0-2 0-2 0:8 0:4 
Beverley Brook SING Ss 0-6 1:8 0:3 0-7 0:9 
Wandle (Roy S 7-0 2:2 1:3 3-1 3°4 
Ravensbourne 4-5 below Ss 0°8 0-7 Ole, 0-2 0:6 
Lee Or) mae. N 2°3 2:7 1°3 3:1 2:3 
Roding eae = N 0:8 0:4 0:4 0:8 0:6 
Beam 142 jens: N 2:0 1:5 1-3 1-0 1-4 
Ingrebourne Sag EE N 0:6 0:5 0:2 0:4 0:4 
Darent and Cray Se S 0°5 0:3 0-2 0-3 0-3 
Mardyke 18-4, N 0-2 0-0 0:0 0-1 0-1 
Total 15-9 11-1 6:0 11:6 11-1 








In Fig. 47 the annual B.O.D. loads and the average loads for third quarters are plotted against 
the position at which they enter the estuary. Under drought conditions, the loads from the tributaries 
are probably not much less than those shown in Fig. 47(b) since it is likely that most of the polluting 
load originates in discharges of industrial and sewage effluents. The load from the Upper Thames, 
however, varies with the flow to a greater extent—so much so, that the B.O.D. is only slightly depen- 
dent on the flow. In Fig. 47(b) the load from this source has been estimated for a flow at ‘Teddington 
of 170 m.g.d. which is that used in many subsequent calculations (Chapters 16, 18, and 19). This load 
has been obtained from the L.C.C. data by multiplying by 170/202 the average load during the 
third quarters of 1949, 1952, and 1953 (when the average flow was 202 m.g.d.). 

It is estimated that in 1952-53 the discharge from the Upper Thames represented about 80 per 
cent of the total from all the fresh-water discharges upstream of Southend. The corresponding 
contribution of B.O.D. load, however, was rather less than 60 per cent of the total. In the third 
quarters of 1952-53 these proportions were roughly 65 and 50 per cent respectively. 

The B.O.D. load of the Medway at the tidal limit is estimated from the data of Tables 21 and 
22 (p. 49) to have been 7 tons/day in 1952-57; to this must be added the 25 tons/day discharged 
to the tidal reaches of the Medway. The total load of 32 tons/day will no doubt be greatly reduced 
by self-purification in the 25 miles of the Medway estuary. 
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MILES FROM LONDON BRIDGE 


Fic. 47. Estimated average B.O.D. loads from fresh-water discharges 
entering Thames Estuary from Teddington to Southend. Upper Thames 
1950-53, others 1952-53 


(a) Average yearly values 
(b) Average values for third quarters; estimated load from Upper Thames when 
flow at Teddington is 170 m.g.d. also indicated 


The effect of these various loads on the condition of the Thames depends, of course, on the 
point of entry; the nearer the sea the greater is the dilution provided by the estuary water, and the — 


smaller the effect of any particular load. 
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CHAP TERu4 


Sources of Pollution 


The water of the River Thames, entering the estuary over Teddington Weir, is fairly clean; 
discharges of polluting liquids to it are strictly regulated by the Thames Conservancy since much 
of the water abstracted a few miles above the weir by the Metropolitan Water Board is used for 
domestic supply (see p. 10). Nevertheless, the river contains some oxidizable matter—much of 
which is derived, no doubt, from land drainage—and, because of the large flow, this represents a 
significant addition of polluting load to the estuary. Although the tributaries discharging direct to 
the estuary below ‘Teddington are comparatively small, some of them are seriously polluted, and 
thus make a significant contribution to the total polluting load in the tidal waters. These fresh-water 
discharges were examined in detail in the previous chapter. 

Much of the water abstracted by the M.W.B., supplemented by water from the River Lee and 
from wells, is returned to the estuary, about 30 miles seaward of Teddington, in the effluents 
discharged from the main sewage outfalls of the London County Council. These outfalls were 
constructed a hundred years ago, at Beckton (Northern Outfall) and at Crossness (Southern Outfall), 
to discharge the sewage from the metropolis as far downstream as was then considered advisable 
(p. 96). Since about 1890 the sewage, previously discharged in the crude state, has been treated by 
sedimentation; secondary treatment has been given to part of the settled sewage at the Northern 
Outfall Works since 1931. Further extensions were brought into full operation at Northern Outfall 
in 1955 and 1960, and at Southern Outfall in 1964. The population served by these two works is 
roughly 5 million, and the total flow exceeds 300 m.g.d. As most of the drainage area is sewered 
on the combined system, there are also discharges of crude sewage—diluted with rain water—at 
times of heavy rainfall. 

About 4 miles seaward of Teddington Weir effluent from the Mogden Sewage Works of the 
Middlesex County Council enters the estuary. These works were completed in 1936, replacing 
28 small works most of which formerly discharged into streams in the area. Around 1950 the quality 
of the effluent (at the regular sampling point) began to deteriorate. In 1963, after the treatment 
plant had been extended, the quality of this effluent had improved, but surplus activated sludge was 
found to be entering the outfall culverts beyond the regular sampling point. 

Some municipalities outside the County of London discharge sewage effluents to the estuary, 
and there is an appreciable discharge of sewage from Acton. 

Throughout the area draining to the estuary there are factories discharging efHuents which enter 
the sewers and are treated at the sewage works; however, a number of industries on the banks of 
the estuary discharge direct to tidal waters. 

Very large quantities of estuary water are used for the cooling of condensers, particularly at 
electricity-generating stations. In most of these systems no significant quantity of polluting matter 
is added to the water and, excepting that it is heated, it is discharged in substantially the same 
condition as when drawn from the river. 

To obtain details of all the sources of pollution, the Port of London Authority’s records of the 
quality and quantity of discharges to the river were examined, and those which it was thought 
might contribute appreciable polluting loads were selected for investigation. Information about the 
processes carried out in the various works was obtained during a series of preliminary visits, which 
were followed by further visits for the collection of composite samples and, where practicable, for 
measurement of the rate of flow of the waste waters. When it was impracticable to gauge the flow, 
figures supplied by the works were accepted. At most factories, a series of samples was collected at 
intervals over a period, usually of 5 to 6 h, on a day of normal operation, and at sewage works 24-h 
composite samples were taken. Whenever possible, particulars of the rate of production in a factory 
were obtained at the time of sampling, so that if the production happened to be abnormal the 
amount of discharge for normal production could be calculated. 

Most of the polluting loads were originally assessed in 1950-53, and the same period is used in 
the calculations made in Chapter 12. To supplement this information, the corresponding data for 
the B.O.D. loads discharged from sewage works and industrial concerns in 1962 are included in this 
chapter. The treatment provided at each sewage works is outlined, the ‘present’ situation generally 
referring to April 1963. 

In Fig. 48 is shown the point of entry to the estuary of each discharge considered in the present 
survey. The fresh-water discharges are named; sewage effluents are shown by the letter S and 
numbered from the head of the estuary; P and R refer respectively to pumped and gravitational 
discharges of storm sewage from the L.C.C. system; industrial discharges are denoted by the letter 
I and discharges from electricity-generating stations by G. | 
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SOURCES OF POLLUTION 63 
MEASURE OF POLLUTING STRENGTH 


The most generally accepted measure of the polluting strength of a discharge is the 5-day 
biochemical oxygen demand at 20°C. However, the B.O.D. test (described on p. 572) has several 
serious shortcomings, even in comparing the qualities of different effluents, and B.O.D. figures 
cannot be used directly in calculating distributions of dissolved oxygen. In Chapters 8 and 9 the 
ultimate and effective oxygen demands of discharges are discussed, and the polluting load entering 
the estuary is assessed in these terms. Nevertheless, as most of the information on the quality of 
the effluents discharging to the Thames is in terms of B.O.D., this property has been used in 
estimating the effective oxygen demand and, in many cases, the ultimate oxygen demand. In the 


present chapter, the polluting strengths and loads of the various discharges are expressed mainly 
in terms of B.O.D. 


EFFECTS OF DELAYS IN ANALYSIS 


A delay between taking samples and starting the B.O.D. test is often unavoidable. If a sample 
of an effluent is taken for analysis, and the B.O.D. test is not started until the next day, a significant 
amount of oxidation may take place before analysis, and since the uptake of oxygen during the 
sixth day is generally much less than in the first day, it is to be expected that delay in starting the 
test will result in a lower value for the B.O.D. Thus, if it is assumed that at 20°C the uptake of 
oxygen is exponential with a rate-constant of 0-23 day—! (see p. 214), it may be calculated that, in a 
sample kept at 20°C under aerobic conditions for 24 h before analysis, the B.O.D. determined 
should be only 80 per cent of the true value. Similarly, when 24-h composite samples are made up, 
oxidation will have proceeded further in the samples taken early in the period than in those taken 
towards the end of the 24 h. If the B.O.D. test is started 1 h after taking the last sample, the figure 
to be expected for the B.O.D. will be only 89 per cent of the average value that would have been 
obtained by carrying out a B.O.D. test on each sample immediately after it had been taken. Normally, 
of course, samples are not kept at 20°C before analysis; the expected reductions in the B.O.D. of 
samples kept for different times at different temperatures are shown in Table 28. 


Table 28. Theoretical reduction (per cent) in B.O.D. of samples kept under aerobic 
conditions for different periods before examination 


Periods such as 0-23 h refer to 24-h composite samples taken hourly at 0 to 23 h 


Time of Time of Temperature 
sampling | examination 
(h) (h) A-Call2 Cieze. Cc. 
0-23 24 5 8 11 
0-47 48 10 15 20 
0 24 10 15 20 
0-23 48 15 PA 30 
0 48 19 Pan] 37 


However, direct application of the figures given in Table 28 is inadvisable since they are based 
on certain simplifying assumptions. One of these is that there is sufficient oxygen present in the 
sample to enable oxidation to proceed at the same rate as in a B.O.D. test carried out at the same 
temperature. If a sample becomes anaerobic for several hours, the changes that take place may 
affect the subsequent course of oxidation in the B.O.D. test, and it is quite possible that in these 
circumstances the figure obtained for the B.O.D. may be greater if there is a delay in starting the 
test. Increases in the B.O.D. of samples of sewage effluent when the start of the test had been 
delayed, were found over twenty years ago by staff of the Laboratory!. Without carrying out 
experimental work on the various effluents considered in this chapter, it is probably better to 
accept the B.O.D. figures given here rather than to try to adjust them by means of ‘Table 28, which 
can be expected to apply only in certain circumstances. Nevertheless, where there is an appreciable 
delay in carrying out the examination, it is possible that errors as great as those indicated by the 
table may occur. 


EFFECTS OF NITRIFICATION DURING B.0.D. TEST 


During the stabilization of a polluting discharge the oxidation of organic carbon to carbon 
dioxide, and of ammonia to nitrate, are two distinct processes even though they may proceed 
simultaneously; it is therefore necessary, when evaluating the full polluting load for a particular 
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discharge, to distinguish between the amounts of oxygen required in these processes. In this 
respect the interpretation of B.O.D. data is frequently complicated by uncertainty as to whether 
part of the oxygen taken up during the test should be ascribed to nitrification. 

In general, nitrification does not occur in crude or settled sewage during the incubation period of 
the B.O.D. test, but it may often be an important factor when examining effluents that have received 
biological treatment and in which nitrifying organisms are likely to be present in large numbers. 
If B.O.D. figures are to be used in estimating the effective oxygen demand (Chapter 9), the extent 
to which nitrification occurs during the incubation of samples of the major polluting effluents must 
be determined—either by following the course of oxidation in a respirometer, or by measuring the 
increase in the concentrations of nitrite and nitrate in separate samples incubated under the same 
conditions as used in the B.O.D. test. 


SEWAGE AND SEWAGE EFFLUENTS 


NORTHERN OUTFALL SEWAGE WORKS 


The effluent from the Northern Outfall Sewage Works of the London County Council, which 
has been the largest single source of pollution during the present century, enters the estuary about 
114 miles below London Bridge (Discharge 55 in Fig. 48, p. 62). Until the middle of 1955 the 
normal point of discharge was at 11-40 miles but with an alternative outlet to Barking Creek 
(11-66 miles) which was used only at high spring tides; since that time all the effluent has been 
discharged at 11-53 miles. The drainage area covers about 110 square miles, of which 50 are within 
the County of London. The population estimated by the Registrar General in 1961 was 2-82 
million, but the average daytime population may well be 34 million. 

During the early part of the present survey, all the sewage received at the works passed direct to 
a set of 13 covered sedimentation channels operated in parallel. These channels, completed in 
1889 for fill-and-draw treatment of the sewage by chemical precipitation, were converted to 
continuous-flow operation in the following year. Regular chemical treatment with lime and ferrous 
sulphate to assist sedimentation was practised until 1915, and an iron salt alone was used for the 
same purpose on occasions in later years. When the aeration plant was constructed (between 1931 
and 1941) the length of each channel was reduced by 329 ft, and since then the longest channel has 
been 859 ft and the shortest 465 ft. The width of each channel is 31 ft 6 in., and the depth 8 ft 6 in.; 
the total capacity is 13 mil gal. 

Not all of the channels were in operation at any one time, since each had to be closed down 
in turn for desludging after operating for about 60 h. Sludge removed from the channels was 
partially dewatered and then conveyed in sludge vessels for disposal at sea some 60 miles away in 
Black Deep. The settled sewage left the channels over outlet weirs (such as that shown in Plate 14, 
opposite) and entered a transverse chamber from which upward of 75 per cent of it passed, 
without further treatment, to the estuary. The remainder of the settled sewage flowed, at a nearly 
constant rate, from the chamber to a paddle-aeration type of activated-sludge plant with 
diffused-air re-aeration channels. This plant gave partial treatment, the period of retention of 
sewage in the aeration channels being stated to have been about 24 h. The first of the six units of 
the plant was installed in 1931 and was brought into operation in the following year; the remainder 
were constructed between 1935 and 1941 but did not come into full operation until 1946. The 
designed capacity of the plant was 60 m.g.d., but it is understood that, because of the inefficiency of 
settlement in the sedimentation channels, the flow actually treated was about 40 m.g.d. After 
separation of sludge, efuent from the activated-sludge plant was discharged to the estuary. The 
surplus activated sludge was added to the incoming sewage. 

In June 1955, new primary sedimentation tanks (including pre-aeration channels), representing 
the first stage of extensions to the works, were brought into operation. Each of the 16 tanks is 250 ft 
long, 75 ft wide, and 11 ft deep, thus giving a total capacity of 20 mil gal. These tanks, which are 
desludged mechanically, are being worked in parallel with the old sedimentation channels. Initially 
about three-quarters of the flow was taken by the new tanks and the remainder by the old channels; 
this proportion was later increased and in 1960-62 amounted to six-sevenths. 

An additional activated-sludge plant, operating on the diffused-air system and designed to give 
biological treatment to 60 m.g.d. of settled sewage, was brought into operation between October 
1959 and February 1960. This plant (of which a full description has been published?) has consistently 
produced a well nitrified effluent with an average B.O.D. (during 1961-62) of 23 p.p.m. The 
extensions also include a plant to digest the greater part of the sludge produced at the works. 
The sludge gas is the source of power for the whole of the compressed air and electricity used 
on the works; some electricity is also supplied to the national grid. An aerial photograph of the 
entire works, taken in June 1961, is shown in Plate 13 (opposite). 

In January 1963, theCouncil agreed in principle to further proposed extensions which would 
ensure that a total flow of 250 m.g.d. received full treatment. 
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Northern Outfall Sewage Works, June 1961 
(114 miles below London Bridge) 





PLATE 14. 


Outlet weir, sedimentation channel, Northern Outfall Sewage Works 
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PuatTeE 15. 


Southern Outfall Sewage Works, March 1958 
(134 miles below London Bridge) 
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PLATE 16. 


Southern Outfall Sewage Works, June 1963 
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Flow measurements by London County Council, 1900-1954 


Between 1900 and 1910, weir recorders were installed at the outlet end of each of the 13 primary 
sedimentation channels; the rates of flow indicated by them are believed to have been reliable. By 
about 1930, only two of the recorders remained in operation—the total flow then being estimated 
from the known metered part—and it is understood that these two recorders were in use until 
early in the second world war. 

In 1937, Venturi tubes were constructed so that the discharge of the settled sewage passing to 
the estuary without further treatment could be measured; unfortunately, the accuracy and reliability 
of the apparatus is uncertain, and from about 1939 to 1955 the total flow was estimated by other 
means. At Abbey Mills Pumping Station, through which passes more than half the sewage treated 
at the Northern Outfall Works, the flow was measured by Venturi meters, and from 1939 to 1945 
the flow to the works was taken as 160 per cent of this figure. For the next 10 years the total flow 
was estimated once a week, either visually or from the rainfall; in dry weather it was taken to be 
1300 mil gal per week (185-7 m.g.d.), and in wet weather values higher by 50, 100, 150, or occasionally 
200 mil gal were taken—each increment of 50 mil gal per week being, of course, equivalent to 7-14 
m.g.d. 

The flow through the aeration plant has always been metered and the records are thought to 
_ give the flow to within 3)per cent of the true value. 

All the data for the rate of discharge in 1914-1954 have been examined, and the quarterly and 
annual average rates have been evaluated; these are listed in Table 29 and included in Fig. 49. The 
average flow recorded during the first 5 complete years (1914-18) is within 14 per cent of the average 
for the whole period, and that for the final 6 years (1949-1954) is over 15 per cent higher. The 
measurements are not considered to be very accurate; it is believed that before the second world war 
the measured values were within 10 per cent of the true values, and that since the war some of the 
individual figures may have been in error by as much as 20 per cent. During these war years, when 
there was damage to the Northern Outfall Works by enemy action, the records are probably less 


reliable. 
*e*- Quarterly averages 
—o— Annual averages 
nf 
INS 
i ft : 


(m.g.d.) 


FLOW 





50-5. 1920. 25.~-1930~«SO35,*=(‘<~CUMGS*C‘ «SO. CSS «1960 
YEAR 


Fic. 49. Quarterly and annual average rates of flow of sewage through Northern Outfall Works 
(L.C.C., data) 


In the last few years of the period covered by ‘Table 29, not only did the annual averages tend 
to remain more constant than at any earlier period, but also the quarterly averages were much 
closer to the yearly ones. It may be assumed that, in general, the quarter-to-quarter variations in 
the actual flow are associated with the normal fluctuations in rainfall. Accordingly, over any period 
of a few years the same order of variability of quarterly values about the annual ones is to be 
expected. An analysis of the figures suggests that in 1949-1954 the method of estimating the flow 
took insufficient account of the effect of variations in rainfall, since the variability of the quarterly 
averages of the estimated flow during this period was only a third as great as before the war. 
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Table 29. Quarterly average rates of flow of sewage through Northern Outfall Sewage Works, in 
m.g.d., from L.C.C. measurements and estimates 


























Period Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
1913 — 162 159 161 — 
1914 169 15g 57 171 164 
1915 174 156 165 177 168 
1916 180 157 162 179 169 
1917 161 161 172 162 164 
1918 165 150 173 164 163 
1919 196 169 162 159 171 
1920 160 162 168 159 162 
1921 150 140 129 143 140 
1922 155 148 153 145 150 
1923 158 140 145 155 149 
1924 136 152 156 160 151 
1925 149 134 158 161 isu 
1926 166 164 156 166 163 
1927 170 160 182 175 172 
1928 177 167 156 177 169 
1929 160 168 162 197 ily) 
1930 173 186 196 206 191 
1931 197 205 195 171 192 
1932 169 186 187 196 185 
1933 188 183 182 165 180 
1934 162 160 147 165 158 
1935 151 171 152 167 160 
1936 181 155 151 157 161 
1937 180 181 168 166 174 
1938 155 147 156 172 157, 
1939 176 159 142 55 158 
1940 163 142 119 71 124 
1941 136 104 136 131 127 
1942 143 139 144 148 143 
1943 173 142 127 144 146 
1944 134 145 144 149 143 
1945 156 144 173 215 172 
1946 ae 244 198 190 2k 
1947 174 152 158 170 164 
1948 172 199 189 203 191 
1949 199 189 198 201 197 
1950 192 193 193 193 193 
1952 205 193 195 196 197 
1952 190 189 190 194 191 
1953 189 191 192 192 191 
1954 190 192 202 199 196 
1914-54 171 165 166 170 168 














In the records of the discharge from Northern Outfall for 1913-1940, in addition to the average 
flow during each month, there is given the average flow on the dry days in the month. A dry day, 
in this context, is defined as the third of three consecutive days on which the rainfall recorded at 
any of the Council’s gauges lying in the drainage area (but excluding the gauges at Barking and 
Crossness) does not exceed 0-09, 0:06, and 0-03 in. respectively. Taking the excess of the average 
daily flow during the month over the average flow on the dry days, and multiplying by the number 
of days in the month gives, approximately, the total volume attributable to the rainfall discharged 
during the month. The total monthly rainfall at each of the Council’s recording stations is known, 
and the average of all the stations for each month has been found, so that it has been possible to 
relate the excess flow due to rainfall to the amount of the rainfall. 

In Fig. 50(a) is shown the relation between the rainfall and the excess flow at Northern Outfall 
due to rainfall during each month of 1927-1939. A regression line fitted to the data is seen to pass 
very close to the origin of the axes; its slope is found to be 309 + 16 mil gal excess discharge for 
1 in. of rainfall, the figure of 16 being the standard error of estimate of the regression coefficient. 


Flow measurements by W.P.R.L. 


Owing to the importance of Northern Outfall as a source of pollution, and to the uncertainty with 
which the total flow was known, it was considered advisable to make some measurements to check, 
as far as practicable, the dry-weather flow and the discharge attributable to rainfall. This was done 
by measuring the head of water passing over the 10-ft rectangular weirs, two of which constitute 
the outlet from each of the sedimentation channels (one such weir is shown in Plate 14, facing 
p. 64). When the measurenients were made, not more than 11 of the 13 channels were in operation 
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Fic. 50. Relation between monthly totals of rainfall, and discharge from Northern and Southern 
Outfalls attributable to this rainfall, 1927-1939 


at any one time, and it was necessary to record the level in only 5 or 6 of the channels since part 
of the dividing walls between some of the channels had been removed. 

A gauge was mounted on a timber support about 20 yd upstream of the weirs and overhanging 
each channel where measurements were to be made. A brass weight, carrying two electrical contacts 
on the lower face, was attached to one end of a single strand of steel wire, and was lowered until 
the points of the contacts touched the liquid surface; a current then flowed down the steel wire 
and back through an insulated wire and a neon discharge lamp. Also attached to the steel wire was 
a cursor sliding over a vertical graduated scale. Originally, the levels of the weirs were related to 
the readings on the scales by closing the penstocks to the channels and noting the readings as the 
liquid ceased to pass over the top of each weir. Later (in September 1954) the surveyors of the 
L.C.C. related the levels of all the weirs to Liverpool Datum, and by lowering the brass weight on 
to a surveyor’s staff the scale reading of each instrument was also related to this Datum; the 
appreciable error in the original method due to surface-tension effects was thus eliminated. 

The flow, Q, was calculated from the relation 


QO = 0-431(1 —_H/600)H* m.g.d. (4) 


where H is the head in inches. This relation was calculated from the empirical formula of Francis® 
and is the one used by the L.C.C. 

The level was measured to J; in., generally half-hourly, at each group of weirs, and the observa- 
tions were continued for 1 to 3 days at a time. A curve was drawn for each group of channels to 
relate the readings on the scale to the total flow over all the weirs in the group. 

The measurements covered 84 days in July, November, and December 1954 and the average 
dry-weather flow was estimated to be 166-8 m.g.d. Allowance had to be made for the distortion 
of the flow caused by obstructions at two of the rectangular weirs, the discharge over telescopic 
weirs normally used for draining the channels before flushing, the discharge of sewage during 
flushing, and for slight falls of rain during the period of measurement. 


Relation between rainfall and flow 


Having obtained an estimate of the dry-weather flow, it was then possible to examine the relation 
between rainfall and excess discharge. Owing to the difficulty of starting a series of measurements 
before the arrival of the first flood of water following a fall of rain, it was decided to install level 
recorders over one group of channels, to assume that the level of the liquid was the same in all the 
channels in operation, and to calculate the total flow from the recorded levels. On 15th December 
1954, two Lea recorders were installed: one to record the level when it was between 4 and 10 in. 
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above the lowest weir in the chosen group of channels, and the other when the level was between 
9 and 15 in. After some initial difficulties the instruments gave what appeared to be a true record 
of the changes in level of the liquid in the sedimentation channels. 

Most of the records covering the period from mid-December 1954 to the end of March 1955 
are of little value in calculating either the dry-weather flow or the excess discharge due to rain; 
during most of this time snow lay on the ground and the volume of water reaching the works on 
any particular day as a result of melting snow is clearly unknown. However, there were five suitable 
periods of rainfall, for which the levels were read from the charts at intervals of 30 min, and the 
total flow was calculated from knowledge of the channels in use. Subtracting from each figure the 
dry-weather flow at that time of day—as found from the earlier measurements—gave the excess 
flow attributable to the rainfall. The results for three of the rainfall periods are shown in Fig. 51 
and for all five periods in Table 30. 











3 300 
Period A B Cc 
Rainfall (in.) 0-139 0-174 0-163 
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discharge 4I-1 50:6 62-2 
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Fic. 51. Estimation of excess flow through Northern Outfall Works attributable to rainfall 
Horizontal arrows show principal periods of rainfall, 23rd to 25th March 1955 


Table 30. Average rainfall over drainage area, and discharge from Northern Outfall in excess of 
dry-weather flow, for five periods of rainfall in 1955 


a 


Rainfall Excess Excess discharge 
Date : discharge | for unit rainfall 
(OU al wath ee eee) 

Feb. 9 0-044 11-0 254 
Feb. 9-10 0-086 28:7 333 
Mar. 23 0:139 41-1 296 
Mar. 24 0-174 50:6 291 
Mar. 25 0-163 62-2 382 








Taking the total rainfall and discharge for the five periods it is found that the mean value for the 
excess discharge attributable to the rainfall is 320 mil gal /in.—a figure that is in excellent agreement 
with the one of 309 + 16 mil gal/in. found from the L.C.C.’s pre-war records; the closeness of 
these two figures is probably fortuitous considering the variations in the final column of the table. 
A value of 310 mil gal/in. will be assumed in subsequent calculations. (The percentage run-off 
from the L.C.C. areas is discussed on p. 84.) 


Recent flow measurements by London County Council 


In June 1955 the first stage of the extension of the Northern Outfall Works was completed when 
the 16 sedimentation tanks of the new plant came into operation. Venturi meters measure and 
record the flow to each pair of tanks, and two of these eight meters were calibrated soon after 
their installation by determining the rate of change in level while filling the tanks. From these 
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measurements it would appear that the new meters are likely to give the flow to within 3 per cent of 
the true value. 

For a period of about three weeks in October-November 1955 all the sewage entering the works 
was passed through the new plant. After allowing for the rainfall during the period of measurement— 
by using the figure of 310 mil gal/in.—it was found that the average dry-weather flow, on a 7-day 
week basis, was 178-4 m.g.d. Throughout 1956, part of the incoming sewage was treated in the new 
plant and part in the old, and the flow through the latter was estimated by the L.C.C. by recording 
the level in one or two groups of the sedimentation channels with Bristol gauges and calculating the 
total flow in much the same way as was done in the Laboratory’s experiments. Taking the total 
discharge through the works during the year, and subtracting the estimated discharge attributable to 
the year’s rainfall, a figure of 170-6 m.g.d. is obtained for the dry-weather flow—in satisfactory 
agreement with the estimate of 166-8 :m.g.d. made from the Laboratory’s measurements. 


Final estimate of flow 


From a study of the flow measurements of the L.C.C. and of the Laboratory it is concluded that 
the best estimate of the dry-weather flow, during 1955 and the few previous years, is 170 m.g.d.; this 
is equivalent to roughly 57 gal per head of resident population per day. The average flow to be 
expected during a period of n days when the rainfall is R in. is given by 


Q =170+310R/n meg.d. (5) 


The observed and predicted flows in each quarter of 1956 are compared in Table 31, and Equation 
5 has also been used in estimating the probable average flow in each quarter year from 1949 to 1955 
(Table 32). The average for 1949-1954 is 194-1 m.g.d. calculated from Table 29, and 189-4 m.g.d. 
from Equation 5—a difference of only 4-7 m.g.d., or about 24 per cent. 


Table 31. Quarterly average flow of sewage through Northern Outfall Works during 1956, in m.g.d. 


Comparison between observed values and those estimated from Equation 5 





Estimated Observed 








A average average Difference 
Rainfall verage excess flow | discharge discharge 
Quarter (R in.) attributable to rain 
(310R/n m.g.d.) 
(m.g.d.) 
1st 4-20 14-3 184-3 185-5 —1:2 
2nd 3-51 12-0 182-0 hel oP? +4-8 
3rd 9-42 So 7/ 201-7 206-8 —5-1 
4th 4-11 13-9 183-9 185°3 —1-4 





Table 32. Quarterly average flow of sewage through Northern Outfall Works, 
1949-1962, in m.g.d. 


Figures for 1949-1955 estimated from Equation 5, those for 1956-1962 measured by L.C.C. 






















Average 























































Period Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter 
1949 178 182 182 198 185 
1950 185 188 192 191 189 
1951 206 189 194 193 195 
1952 186 183 190 198 189 
1953 180 187 193 186 187 
1954 187 188 196 191 191 
1955 184 191 182 186 186 
1956 185 L7Z 207 185 189 
1957 201 176 195 197 192 
1958 198 199 206 225 207 
1959 214 196 189 203 200 
1960 210 194 203 235 210 
1961 207 199 208 238 213 
1962 236 197 203 206 210 
1949-54 187 191 193 189 
1955-59 196 188 196 199 195 
1960-62 218 A197 205 226 211 
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It is seen from Table 32 that the flow through the works has increased markedly in recent years. 
There are, of course, variations in flow associated with variations in rainfall, and the most satisfactory 
way of examining the progressive increase in the dry-weather flow is to subtract, from the yearly 
average flows, the expected contributions made by rainfall, using Equation 5 The results are 
plotted in Fig. 52(a) where the average yearly increase, shown by the straight line, is 3-9 m.g.d.— 
or 2-1 per cent of the mean dry-weather flow for the 7 years. 
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Fic. 52. Changes in estimated dry-weather flow of sewage arriving at Northern and Southern 
Outfalls in 1956-1962 
Percentages shown in each section are average yearly rates of increase in terms of mean dry-weather flow 
for seven years 
B.O.D. load 


Since 1946 the L.C.C. has determined the B.O.D. of composite samples of the effluent from 
the sedimentation channels and of the activated-sludge plant influent and effluent; these samples 
are normally taken throughout 6 days of each week. 

During 1954 the procedure adopted by the L.C.C. for sampling and analysis was as follows. 
Samples of the effluents from the primary sedimentation channels and the activated-sludge plant, 
and of the influent to the activated-sludge plant, were collected hourly for 5 days each week 
starting at 1 a.m. on Mondays; a composite sample of the primary sedimentation effluent was 
obtained from all the channels in operation, that is from about ten on average. A composite 
sample was then formed each day from portions of the 24 hourly samples—the size of each portion 
being roughly proportional to the flow—and the B.O.D. test was generally started within 10 or 12h 
of the last sample being taken. During the 24 h of collection, and for about 7 h afterwards, the 
samples were kept in a refrigerator. The incubation was carried out in the cellar of the laboratory 
at the works, where the temperature was generally within a few degrees of 65°F (18-3°C); samples 
collected on Monday were incubated for 6 days and the resulting oxygen uptake was multiplied by 
0-91 to reduce it to the 5-day value. The test was otherwise carried out in accordance with the 
method recommended by the American Public Health Association’. Before the middle of 1954 
well water was used in place of standard dilution water, but when the method was changed there 
was no appreciable alteration in the B.O.D. values obtained. 

Following publication of the Ministry of Housing and Local Government’s recommended 
methods’ in 1956, the revised procedure for carrying out the B.O.D. test was adopted, the temperature 
of incubation being maintained at 20°C by means of incubators in a temperature-controlled room. 
Since February 1959, the collection of samples and the making up of composites have been carried 
out automatically at each hour from 9 a.m. to 8 a.m.; the analysis of the composite samples is started 
at about 9 a.m., 24 h after taking the first sample. 

The B.O.D. load of an effluent is obtained by multiplying the B.O.D. figure by the rate of 
discharge. When the B.O.D. (B) is expressed in p.p.m., and the flow (Q) in m.g.d., the load in tons 
per day is given by BQ/224—there being 224 gal in 1 ton of water. From 1932 to 1955 the B.O.D. 
load from Northern Outfall has been estimated from the relation 
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BQ = BQ — (By, — B,)4, (6) 
where q is the flow through the activated-sludge plant, and B,, B,, B, the B.O.D. of the primary 
sedimentation effluent, weir-chamber effluent (activated-sludge plant influent), and activated-sludge 
plant effluent respectively. Following the inauguration of the new sedimentation plant in June 1955 
the method of calculating the B.O.D. load was substantially the same as above until October 1959, 
when the new activated-sludge plant began to operate. In June 1959 the L.C.C. started automatic 
sampling of the final mixed effluent, and thereafter the load used in this Report has been determined 
from the B.O.D. of the effluent and the total flow. Until the beginning of 1956 the loads have been 
calculated from the products of monthly average data for flow and B.O.D., and since that time from 
weekly data. 

Estimated quarterly average figures for the B.O.D. and for the B.O.D. load of the final mixed 
effluent from Northern Outfall are shown in Table 33 and some average figures for flow and com- 
position in Table 34. 


Table 33. Quarterly averages relating to B.O.D. load of final mixed 
effluent from Northern Outfall Sewage Works 


Flow data for 1949-1955 from Equation 5 



































































Period Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
(a) B.O.D. (p.p.m.) 
1949 244 256 258 232 247 
1950 236 253 232 258 245 
1951 207 228 259 251 236 
1952 239 227 270 213 237 
1953 232 229 23k 261 238 
1954 226 23 218 225 225 
1955 191 208 202 199 200 
1956 138 173 137 167 154 
1957 145 168 134 128 144 
1958 134 139 138 126 134 
1959 132 148 125 148 138 
1960 118 92 76 75 90 
1961 Td 91 87 105 90 
1962 AS 103 93 118* 107 
1949-54 231 237 244 240 238 
1955-59 148 167 147 154 154 
1960-62 103 95 85 99 95 
(b) B.O.D. (tons/day) 
1949 208 210 206 204 
1950 213 199 220 207 
1951 192 224 216 206 
1952 186 229 189 200 
1953 192 199 Zi 198 
1954 194 191 192 191 
1955 177 164 165 166 
1956 137 126 138 129 
1957 132 116 Lis 123 
1958 124 128 126 124 
1959 130 106 134 124 
1960 80 69 79 85 
1961 81 81 di 86 
1962 91 101 
1949-54 201 
1955-59 133 
1960-62 





* Old activated-sludge plant being overhauled. 


The two figures given for the B.O.D. load of crude sewage in Table 34 may be expressed in terms 
of population equivalents. The B.O.D. load per head of domestic population is generally taken to 
be 0-12 Ib/day. It is thus found that the average population equivalents of the crude sewage arriving 
at the Northern Outfall Works were 6-1 million in 1949-54 and 5-7 million in 1960-62, or roughly 
twice the actual population contributing. The implication of this is that half the B.O.D. load on 
the works is industrial in origin—see also pp. 74 and 90. 
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Table 34. Average flow and composition of sewage and effluent through 
Northern Outfall Sewage Works in 1949-1954 and 1960-62 





1949-1954 | 1960-62 














Flow treated by sedimentation only, m.g.d. 148 116 
Flow through old activated-sludge plant, m.g.d. 41 34 
Flow through new activated-sludge plant, m.g.d. — 61 
Total flow through works, m.g.d. 189 PTE 
B.O.D. of crude sewage, p.p.m. 389 327 
B.O.D. load of crude sewage, tons/day 328 303 
B.O.D. of settled sewage, p.p.m. Pail 167 
B.O.D. of effuent from old activated-sludge plant, p.p.m. 81 61 
B.O.D. of effluent from new activated-sludge plant, p.p.m. — 22 
B.O.D. of final mixed effluent, p.p.m. 238 96 
B.O.D. load to estuary, tons/day 201 91 





SOUTHERN OUTFALL SEWAGE WORKS 


The southern drainage area of the London County Council extends over some 70 square miles, 
of which less than 3 lie outside the County of London. The population in the 1961 Census was 
1-60 million, but the daytime population may have been rather higher. 

From 1891, and until the end of the Laboratory’s survey, sewage received at the Southern Outfall 
Works was treated by sedimentation in six covered channels similar to those at the Northern Outfall 
Works, but having much longer retention periods and being generally better proportioned. The 
settled sewage was discharged direct to the estuary through outlets at 13-50 and 13-55 miles below 
London Bridge (Discharge 57 in Fig. 48, p. 62). Except in an experimental part of one channel, 
sludge was removed by bulldozing and pumping after the decantation of top liquor. The sludge 
was thickened and then taken by sludge vessel for discharge into Black Deep. 

On completion of the extensions which are now under construction*, up to twice the dry-weather 
flow will pass through fine screens—the screenings being disintegrated and returned to the sewage 
upstream of the screens—and will receive treatment in constant-velocity detritus channels, 
mechanically desludged primary sedimentation tanks, and a surface-aeration activated-sludge 
plant. A digestion plant will deal with all the sludge produced at the works and provide gas which 
will be used for generating electricity and for heating. Flows between two and five times the dry- 
weather flow will be settled in the old sedimentation channels which are being converted to storm 
tanks. Views of the works before and after extension are shown in Plates 15-16 (facing p. 65). 

There are far fewer discharges of trade wastes to the sewers on the south side of the Thames than 
to those on the north, and until recently the B.O.D. of the crude sewage at Southern Outfall was 
only about three-quarters of that at Northern Outfall. Moreover, until additional plant was provided 
at Northern in 1955, the greater efficiency of sedimentation at Southern Outfall gave a relatively 
greater reduction in B.O.D. 


Flow 


The sewage enters by three sewers, one at high level and two at low level. The low-level sewage 
is pumped; until 1937, reciprocating pumps were used, and this part of the flow was calculated by 
multiplying the number of strokes by the cylinder capacity. It is believed that the results obtained 
in this way may have been in error by as much as 20 per cent. Venturi meters are used with the 
centrifugal pumps now employed, and it is thought that since 1937 the flow measurements have 
been accurate to within 10 per cent. 

The flow from the high-level sewer is not measured, but its value in dry weather is taken as 
one-fifth of the total flow. This proportion has been checked by the L!C.C. by measurements of the 
chloride concentrations in the mixture and in the sewages at the high and low levels. 

In the middle of 1954, new instruments were installed to measure and record the total pumped 
flow. During one week in July the high-level sewage was passed into the low-level sewer so that the 
total flow could be measured; on four days the measured flow was within 1 per cent of the value 
given by the previous method of estimation, so it would appear that the flow records for the past 
few years are reasonably accurate. 

Quarterly and yearly averages of the recorded total flow through the works are shown for selected 
periods in Table 35(a). The averages shown at the foot of each section of the table are for the same 


* These extensions came into operation between June 1963 and January 1964. 
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73 


periods as used in Tables 32 and 33 (with addition of an earlier period for flow) and thus correspond, 
to the nearest whole years, with the different stages in the extensions to the works at Northern 
Outfall; there were no such changes in the plant at Southern Outfall, and the use of these particular 
periods is simply for convenience of comparison with the results for Northern. 


Table 35. Quarterly averages relating to B.O.D. load from Southern 


Period 


1914-20 
1921-30 
1931-40 
1941-48 
1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 


1914-48 
1949-54 
1955-59 
1960-62 


Outfall Sewage Works 




















1949 
1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 


1949-54 
1955-59 
1960-62 


1949 
1950 
1951 
19352 
1953 
1954 
1955 
1956 
iA Y; 
1958 
1959 
1960 
1961 
1962 


Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
(a) Discharge (m.g.d.) 
118 107 111 112 112 
96 92 94 99 95 
116 112 107 114 112 
105 91 86 92 93 
73 76 90 90 82 
85 93 87 95 90 
122 94 91 107 103 
103 103 94 103 101 
97 90 92 89 92 
97 98 99 102 99 
101 101 91 96 97 
103 92 102 90 97 
96 79 90 86 88 
96 105 114 116 108 
92 87 92 97 92 
104 94 102 129 107 
119 108 105 121 113 
133 103 98 101 109 
108 100 99 104 103 
96 92 92 98 95 
97 93 98 97 96 
119 102 102 117 110 
(6) B.O.D. (p.p.m.) 
183 207 227 178 199 
V7 7. 174 204 193 187 
148 172 195 174 172 
178 179 187 168 178 
177 189 195 205 192 
183 181 179 154 174 
174 186 222 208 198 
184 210 190 209 198 
169 211 188 209 194 
191 174 164 156 171 
168 201 216 194 195 
190 194 186 160 182 
169 205 209 194 194 
204 221 239 224 222 
174 184 198 179 184 
177 196 196 195 191 
188 207 211 193 200 
(c) B.O.D. load (tons/day) 

72 73 

81 74 

80 78 

78 80 

82 78 

69° 76 

89 85 

84 85 

80 76 

81 82 

84 80 

86 

97 

102 

76 
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Relation between rainfall and flow 

The flow through the works attributable to rainfall has been examined in the same way as for 
Northern Outfall (p. 66). The relation between rainfall and excess discharge during each month 
of 1927-1939 is shown in Fig. 50(b) (p. 67) where a regression line has been fitted to the data; 
the slope of this line is equivalent to 180 mil gal per inch of rainfall (with a standard error of estimate 
of 12 mil gal/in.). 

Examination of the averages of flow and rainfall over a period of 50 months in 1950-54 gave 
the relation 

O = 84:37F 209R/m m-¢-d., (7) 


where R is the total rainfall during a period of m days. The dry-weather flow during 1950-54 may 
thus be taken as 85 m.g.d. (equivalent to roughly 53 gal per head of resident population per day). 
Although the increase from 180 to 209 mil gal/in. suggests an increase in the percentage run-off 
(and this is quite possible), the difference between these two figures is not highly significant 
statistically. 

The standard average yearly rainfall® in the South London area is 24-0 in. This corresponds to 
an average rate of 0-0657 in./day, so that the average flow at Southern Outfall will exceed the 
average dry-weather flow by 13-7 m.g.d., or about 16 per cent of the dry-weather flow. The 
corresponding figure for Northern Outfall is 20-4 m.g.d., representing 12 per cent of the dry-weather 
flow. 

The total dry-weather flow from the two L.C.C. Outfall Works around 1949-1954 was about 
255 m.g.d., and the overall average flow in that period was about 284 m.g.d. The difference between 
these figures amounts to 29 m.g.d. and is equivalent to some 500 mil gal/in. 

The increases in flow at Southern Outfall during 1956-1962 have been examined in the same 
way as those at Northern (see p. 70). Allowance for rainfall has been made by means of Equation 7. 
The results plotted in Fig. 52(b) (p. 70) are seen to be more scattered than those for Northern 
Outfall; the average yearly increase indicated by the straight line is 3-0 m.g.d.—or 3-4 per cent of 
the mean dry-weather flow for the seven years. The estimated changes in the total dry-weather 
flow arriving at both works are shown in Fig. 52(c); the yearly increase is 7-9 m.g.d., or 2-5 per cent 
of the mean value for the period. 


B.O.D. load 


The settled sewage at Southern Outfall is sampled hourly, an equal volume of effluent being 
taken from each sedimentation tank; 24 bulked hourly samples are then compounded in proportion 
to the flow entering the works 3 h before the samples were taken. In calculating the quarterly average 
loads up to 1956, the monthly averages of the B.O.D. of the composite samples have been multiplied 
by the corresponding figures for the flow and hence the load to the estuary has been found; since 
that time, weekly data have been used. Figures for the B.O.D. and B.O.D. load in recent years are 
shown in ‘Table 35(b and c), and some average values in Table 36. 

The population equivalents of the two figures given in Table 36 for the B.O.D. load of crude 
sewage (derived as for Northern Outfall on p. 71) are 2:2 and 2-8 million for 1949-1954 and 
1960-62 respectively. The total equivalents for both areas are 8-3 and 8-5 million for these two 
periods. The corresponding value for the storm sewage (Table 46, p. 88) is rather less than 0-2 
million. The total population equivalent of about 84 million may be compared with the figure of 
some 4} million for the resident population served. The industrial contribution must represent 
by far the larger part of the balance of 4 million—or some 200 tons B.O.D. daily. 


Table 36, Average flow and composition of sewage and effluent through 
Southern Outfall Sewage Works in 1949-1954 and 1960-62 


Figures in parentheses are percentages of corresponding values for 
Northern Outfall in same periods 








1949-1954 1960-62 
Flow through works, m.g.d. 95 (50) 110 (52) 
B.O.D. of crude sewage, p.p.m. 281 (72) 313 (96) 
B.O.D. load of crude sewage, tons/day 118 (36) 149 (49) 
B.O.D. of effluent, p.p.m. 184 (68* or 777) | 200 (120* or 2087) 
B.O.D. load to estuary, tons/day 76 (38) 96 (105) 





* Per cent’ 6f Northern Outfall settled sewage. 
t Per cent of Northern Outfall final mixed effluent. 
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MOGDEN SEWAGE WORKS 


Full operation of the Mogden Works of the Middlesex County Council began in 1936; the 
population served in 162 square miles of West Middlesex is 1-4 million. After screening, removal 
of grit, and separation of excess storm flows, the sewage is settled in two stages and then given full 
secondary treatment by the diffused-air activated-sludge process; from 1956 to 1962 part of the 
flow was discharged without secondary treatment’. The effluent enters the Thames through 12 
outlets on the Surrey side of Isleworth Eyot, at a mean position 15-05 miles above London Bridge 
(Discharge S2 in Fig. 48, p. 62). 

On 9th October 1962, extensions to the works were brought into operation; these provided also 
for the proposed treatment of most of the Acton sewage at Mogden (see p. 77). 

On 25th October 1963, the P.L.A. informed the Laboratory that surplus activated sludge was 
being discharged from Mogden. ‘The Chief Engineer of the Middlesex County Main Drainage 
Department subsequently supplied the Laboratory with quarterly average figures, for 1958 to 1963, 
of the suspended-solids content of the surplus activated sludge, and the volume of this sludge 
estimated to have been discharged to the estuary. He stated, however, that there was no recorded 
information on the quantities, if any, discharged before 1958. The quantities of activated sludge 

estimated to have been passed to the estuary since 1958 are shown in Table 37(a). 
. Quarterly average figures for the volume and quality previously declared for the effluent from 
the works are shown in Table 37(b—d); flows are found from daily meter readings and chart records, 
and B.O.D. figures are calculated from analytical results of daily average samples, the effluent 
being sampled hourly. The increase in B.O.D. between 1950 and 1955 has been attributed to the 
increasing household use of synthetic detergents ®*?. The declared average B.O.D. during the 63 
years ending 30th September 1962 was 45-6 p.p.m. and in 1963 was 14-6 p.p.m. 

It appears that the B.O.D. load attributable to a discharge of surplus activated sludge from 
Mogden is about 0-4 times the dry weight of sludge discharged. Hence, using the data of ‘Table 
37, the B.O.D. load due to the declared effluent in 1960-62 was 17-4 tons/day and that due to the 
sludge about 10 tons/day—giving a total of about 27 tons/day; for 1963 the corresponding figures 
are 6:0, 14, and 20 tons/day. 

Fourteen chapters of this Report had already been sent to the printers when the information 
regarding the additional discharge from Mogden was first received. Some revisions have been made 
where it seemed advisable. Thus in the remainder of this chapter it is assumed that the discharge 
of sludge in 1960-62 was as given in Table 37(a). No account is taken of the possibility of sludge 
being discharged in 1950-53. Other less essential revisions have not been made; thus in Table 77 
(p. 218) the organic-nitrogen load from Mogden excludes the contribution due to any sludge 
discharged. If all the surplus sludge produced in 1950-59 had been discharged to the estuary the 
value of 2-5 tons/day in the table would be increased to about 4-2 tons/day. It is evident that great 
uncertainty remains about the discharge of sludge and that it must necessarily introduce corres- 
ponding uncertainties in some of the calculations in this Report. 


Table 37(a). Estimates (made by Middlesex County Council) of average rates of 
discharge of surplus activated-sludge solids (tons dry weight per day) 
from Mogden Sewage Works to estuary in 1958-63 


SS 





Period 1st Quarter 2nd Quarter 3rd Quarter 4th Quarter Average 
1958 17 18 15 18 lg 
1959 23 13 0 18 14 
1960 20 20 21 23 21 
1961 31 24 23 28 26 
1962 28 21 23 27 25 
1963 42 34 33 n4| 34 


1960-62 26 22 22 26 24 
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Table 37 (b-d). Quarterly averages relating to B.O.D. load from Mogden Sewage Works excluding 
any discharge of surplus activated sludge 
























































Period . | Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
(b) Discharge (m.g.d.) 
1949 72:4 68:9 64:3 80-9 71:6 
1950 82-4 69-2 72°4 79-1 75:8 
1951 126-0 87-0 71:8 90:5 93-7 
1952 87-0 79-2 74°8 100:6 85-4 
1953 86-2 77-0 74:2 74:6 78:0 
1954 83-1 79:8 76:2 93-1 83-1 
1955 92-2 81-5 71:0 82:7 81-8 
1956 95:3 75-7 89-7 85-8 86-6 
1957 98°5 73-0 80:2 87:1 84-7 
1958 97-0 90-1 90:7 109-9 96:9 
1959 96:3 81-4 72:5 83-8 83-5 
1960 93-6 78:3 87-3 131-0 97-6 
1961 106:9 88-4 79:2 92-1 91:6 
1962 101:8 81-5 82-3 86:7 88-0 
1963 95-9 92°3 81:9 97-0 91:2 
1938-48 77:1 62:2 61:4 67:8 67-1 
1949-54 89-5 76:8 72:3 86:5 81-3 
1955-59 95:9 80-3 80:8 90-0 86-7 
1960-62 100:8 82-7 82-9 103-3 92:4 
(c) B.O.D. (p.p.m.) 
1949 16:4 14:4 17-2 13-2 L5e3 
1950 15-7 12°9 13-1 15-0 14-2 
1951 24-1 13-3 26-4 14-3 19-5 
1952 17-6 11-4 12:6 17-3 14-7 
1953 20:9 22-4 15-5 18-8 19-4 
1954 24-7 18-4 20:6 29-5 23°3 
1955 26:9 27-0 20:3 18-7 23) 
1956 56-2 41:9 27:6 65°3 47-7 
1957 64-4 39-2 33-3 41:6 44-6 
1958 80:6 47-9 33-1 43-3 51-2 
1959 51-7 44-5 31-4 48-5 44-0 
1960 64-6 53-1 33-7 38-4 47-4 
1961 49-0 37°8 31-4 41:7 40:0 
1962 58-5 40:4 31:6 20:9* 37-7 
1963 16°8 12:8 13-4 1525 14-6 
1938-48 13-4 10-9 10°6 13-2 12-0 
1949-54 19-9 15-5 17-6 18-0 17°7 
1955-59 56-0 40-1 29-1 43-5 42:2 
1960-62 57°4 43-8 32:2 33-7 41-7 
(d) B.O.D. (tons/day) 
1949 5-3 4:4 4-9 4-8 4-9 
1950 5:8 4-0 4:2 5:3 4°8 
1951 13-6 Sie: 8°5 5:8 8-2 
1952 6°8 4-0 4-2 7:8 57, 
1953 8-0 7°83 5-1 6:3 6°8 
1954 9-2 6:6 7:0 1223 8-8 
1955 11:1 9:8 6:4 6:9 8:5 
1956 23-9 14-2 11-1 25-0 18°5 
1957 28-3 12:8 11-9 16-2 17-3 
1958 34°9 19-3 13-4 21:2 22:2 
1959 22-2 16-2 10:2 18:1 16-7 
1960 27-0 18-6 13-1 22°5 20:3 
1961 23-4 14-9 11:1 17:1 16-6 
1962 26:6 14-7 11-6 8:1* 15-2 
1963 TQ 533 4-9 6:7 6:0 
1938-48 4°8 2:9 2:9 4-1 Ror 
1949-54 8-1 5:3 5:7 7-0 6°5 
1955-59 24-1 14°5 10-6 17:5 16°6 
1960-62 25°7 16:1 11-9 15-9 17:4 














* Extensions brought into operation on 9th October. 
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RICHMOND SEWAGE WORKS 


The Richmond Main Sewerage Board, which was formed in 1887, serves an area of nearly 
11 square miles, with a contributory population of 80053 at the 1961 Census. The district is 
sewered on the partially separate system; water draining from the roads is discharged direct to the 
estuary through surface-water sewers of the Boroughs of Richmond and Barnes. All the sewage 
received at the purification works at Kew arrives by gravity, and the effluents discharged from the 
works enter the estuary 12-1 miles above London Bridge (Discharge S3 in Fig. 48, p. 62). It is 
understood that the direct discharge of storm sewage from this system to the estuary rarely occurs. 

From about 1890 to 1930 purification was by means of sedimentation tanks and contact beds. 
For the next three years, during reconstruction of the works, treatment was by sedimentation only. 
From 1933 to 1949, percolating filters were used to give secondary treatment, and for the following 
four years (during further reconstruction) no secondary treatment was given. From 1953 to 1959 
about half the settled sewage was passed through an activated-sludge plant, and since June 1959 
the whole of the sewage has been fully treated. 

Detailed records of the sewage flow are available and these show that it was roughly 2 m.g.d. 
in 1893, 3 m.g.d. in 1905, 4 m.g.d. in 1911, around 5 m.g.d. from 1915 to 1950, and had risen to 
nearly 7 m.g.d. by 1961. In the five years ending September 1958, the average flow of sewage 
entering the works was 6:0 m.g.d.; this was mixed with 0-3 m.g.d. of brewery wastes which had 
been passed through a Se eaent plant at the sewage works. The combined flow of 6-3 m.g.d. 
then passed through sedimentation tanks and 2-9 m.g.d. of this was discharged to the estuary; the 
remaining 3-4 m.g.d. received further treatment by the activated-sludge process. 

The crude sewage has an average B.O.D. of about 150 p.p.m. Average values referring to the 
B.O.D. load discharged to the estuary in 1950-1962 are shown in Table 38. 


Table 38. Average figures relating to B.O.D. load 
discharged from Richmond Sewage Works 


Flow B.O.D. B.O.D, load 








Period (m.g.d.) (p.p.m.) | (tons/day) 
1950-53 5-72 110* 2-8% 
1955-57 5-93 59-1 157 

1958 6-49 46-4 1-34 
1959 571 13-5 0-30 
1960 6-07 6:7 0-18 
1961 6-72 3 0-19 
1962 6-66 6-9 0-20 


* Approximate figure for B.O.D. 


ACTON SEWAGE WORKS 


The area draining to Acton Sewage Works (or Pumping Station) is 3-62 square miles. Part of 
the sewage is passed into the L.C.C. sewerage system; until March 1962 the quantity was restricted 
to 65 gal per day per head of resident population. In 1958 the permitted discharge to the L.C.C. 
-system, based on a population of 65 840 was 4-28 mil gal in any one day. However, owing to the 
concentration of industries in Acton and to the larger daytime population—in the 1961 Census 
the resident population was 64 800 but the daytime population was about 97 500—the dry-weather 
flow of sewage on weekdays was greater than 4-28 m.g.d. and the excess flow, after slight treatment 
in filter beds, was passed into the Thames Estuary at a point 9-8 miles above London Bridge 
(Discharge S4 in Fig. 48, p. 62). 

In 1957 the average dry-weather flow on weekdays was found, from measurements described 
later, to be about 6-4 m.g.d. In March 1962, the flow accepted by the L.C.C. was increased to 
7 mil gal in any one day, with a maximum rate of 13 m.g.d. It was then found that the dry-weather 
flow on weekdays had risen to 7-8 m.g.d.—equivalent to 120 gal per head per day from the resident 
population, or to 80 from the daytime population. Since October 1962, the L.C.C. has accepted 
9 mil gal in any one day. 

Approval has been granted by the Ministry of Housing and Local Government for diversion of 
the dry-weather flow, and part of the storm flow, to the Mogden works. 

It is impossible to make any accurate assessment of the effect of the discharge from Acton on the 
condition of the estuary. Only the flow to the L.C.C. sewers is recorded, and no regular samples 
are taken for analysis; also, the strength and composition of the sewage are extremely variable, even 
over a period of a few hours. Consequently, a very extensive programme of AEE ek: would be 
required to assess the average load. 
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Flow 


From December 1956 to September 1957, before the total dry-weather flow was recorded, 
Messrs. John Taylor & Sons, Consultants to the Borough of Acton, measured that part of the 
flow of sewage arriving at the works which did not pass to the L.C.C. The determinations were 
made hourly by measuring the level upstream of an 18-ft weir over which the sewage flowed; 
addition of the flow recorded as passing to the L.C.C. then gave the total flow of sewage. Figures 
are available for 157 dry days (with the exclusion of dry days immediately following a day on which 
substantial rainfall occurred). From these measurements it was concluded that, in dry weather, the 
average total flow of sewage (including that passed to the L.C.C.) throughout the 7-day week was 
5-70 m.g.d. and the discharge to the Thames 1-51 m.g.d. 

Messrs. John Taylor & Sons also made flow measurements on about 130 days on each of 
which there was a measurable fall of rain, and they concluded that, on the average, the run-off 
from the drainage area was about 55 per cent. ‘Taking account of the average rainfall in the Borough, 
the average total flow of sewage was estimated to be 7-34 m.g.d.,and the average discharge to the 
Thames 3-12 m.g.d. | 


Quality 

The drainage area contains a large number of industrial concerns whose products include 
margarine, soap, DDT, paint, bakelite, and dye; there are also plating works and a factory producing 
large quantities of sausages, meat pies, and ice cream. The composition of the sewage arriving 
at the works is highly variable and consequently the analysis of a few individual samples is likley 
to be misleading. 

The chief source of data has been a series of samples taken over 51 days between 20th January 
and 13th March, and between 10th and 17th September, 1959 and analysed at the Laboratory; each 
sample was a composite of equal amounts of 24 samples taken at hourly intervals. The results of 
the analyses are summarized in Table 39, where only maximum, mean, and minimum yalues are 
shown; figures are given separately for dry days and for days on which a measurable fall of rain was 
recorded. The seven days on which samples were taken during September were all dry days and 
all the analytical figures fell within the range of the January-March results. A wide range of com- 
position is apparent even in dry weather; the lowest concentrations did not always occur at 
week-ends. On 18 occasions the composite samples were allowed to settle for 1 h and the B.O.D. 
of the supernatant liquor was determined; on average, this value was two-thirds of that of the 
whole sample. 


Table 39. Variations in composition of 24-h composite samples of sewage arriving at Acton on 44 days 
in January-March and 7 days in September 1959 























On 37 dry days On 14 wet days 
Maximum Mean Minimum | Maximum Mean Minimum 
Suspended solids (p.p.m.) 3360 361 40 5600 1287 65 
Loss on ignition (per cent) 93 76 55 95 7i5\ 53 
Parts per million 
Organic carbon 5300 418 55 10300 1784 70 
Total oxidizable nitrogen 334 61 14 1093 147 $25 
Ammoniacal nitrogen 93°5 1738 1:8 44 15:2 4°5 
Total oxidized nitrogen 53 Sa) 0:5 9-4 4-9 0:5 
B.O.D. 1855 388 109 4110 596 53 
Surface-active matter (as ‘Manoxol OT’) 43 7°4 1-4 8-0 372 11 








It is to be expected that the composition of the sewage in wet weather will be different from that 
in dry; the strength will be reduced by dilution with rain water, but will be increased if there is a 
tendency for solids to accumulate in the sewerage system and to be flushed out during a storm. 

In the week’s survey in September 1959, the effluent discharging to the Thames was sampled 
when practicable. As the invert level of the sewer is only 8 ft above Ordnance Datum, Thames water 
flows into the effluent pipe on each tide; water also enters the filter beds, at least during spring tides. 
From examination of effluent samples, of corresponding samples of sewage entering the works, 
and of the average composition entering the works over each 24-h period, it was concluded that the 
average strength of the effluent was likely to be about half that of the incoming sewage. Part of this 
reduction was due to the sewage having passed through the filter beds and part to the fact that the 
discharge to the Thames was generally confined to night-time when the sewage strength is normally 
at its weakest. Taking account of all the available information on flow and composition it was 
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estimated that the average B.O.D. load discharged from the works to the Thames was about 7-5 
tons/day. However, great uncertainty remains as to the precise magnitude of this load. 

From December 1934 to July 1962 the Inspectors of the P.L.A. took 77 samples of the effluent 
discharged to the Thames from Acton Sewage Works. B.O.D. figures of these samples are plotted 
in Fig. 53, and in spite of the variability to be expected from such samples it is apparent that the 
strength of this discharge has increased greatly over the past 30 years. The proportion of sewage 
arriving at the works that is discharged to the estuary will have changed, but in the absence of any 
precise information it is not possible to calculate how the polluting load has altered in this period. 








 alino4gT aS Te 1050ee TSG 1960 
YEAR 


Fic. 53. B.O.D. of samples of effluent from Acton Sewage 
Works taken by P.L.A., 1934-1962 


DAGENHAM SEWAGE WORKS 


The Riverside Sewage Works of the Borough of Dagenham consist of two separate treatment 
plants, one for domestic sewage (52 m.g.d. in the first quarter of 1959) and one for trade wastes 
(5 m.g.d. in the same period). The designed capacities of these two plants were 3 m.g.d. and 4 m.g.d. 
respectively; no extensions have been made to the works since their construction in 1934. Both 
plants give treatment by sedimentation; in addition, all the domestic sewage receives treatment by 
the activated-sludge process. The effluent enters the estuary at Rainham Creek 15-1 miles below 
London Bridge (Discharge S8 in Fig. 48, p. 62). 

In recent years the flow to these works has increased to such an extent that they have become 
overloaded and the quality of the effluent has deteriorated. Some average figures are shown in 
Table 40; records of flow and composition are available from 1937, The average B.O.D. of the 
crude sewage rose from 338 p.p.m. in 1950-53 to 399 p.p.m. in 1960-62. 


Table 40. Average figures relating to B.O.D. load 
discharged from Dagenham Sewage Works 





Period Flow ‘BOLD, B.O.D. load 
(m.g.d.) (p.p.m.) (tons/day) 
1950-53 8:8 1417 4-6 
1954-56 9:3 134 5-6 
1957-59 10-3 162 7-4 
1960-62 12-0 195 10-4 





Approval has now been given for the works to be extended. Extra sedimentation capacity will 
be provided for the whole flow and the size of the aeration plant will be greatly increased. These 
extensions have been designed to allow for the eventual acceptance of all the domestic sewage flow 
from Romford and Hornchurch. The sewage from these two areas is treated at Bretons Farm 
Works before discharge to the Beam River (see also p. 43). According to the 1961 Census, the 
population of the Municipal Borough of Dagenham was nearly 110 000, and that of Romford and 
Hornchurch together was over 240 000. 
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WEST KENT SEWAGE WORKS 


The works of the West Kent Main Sewerage Board at Dartford serve a population of 630 000 
(at the 1961 Census) in an area of 172 square miles. ‘The Board was constituted in 1875 and the 
original sewers and purification works were completed in 1879. ‘The works were extended in 1926 
and 1960 by the introduction of new sedimentation tanks. Additional plant for sludge disposal was 
installed at various times between 1933 and 1951. ‘The effluent is discharged to the estuary 19-4 miles 
below London Bridge (Discharge 59 in Fig. 48, p. 62). It is understood that the direct discharge of 
storm sewage does not exceed 100 mil gal per year. Quarterly averages relating to the effluent 
discharged are shown in Table 41. 


Table 41. Quarterly averages relating to B.O.D. load from West Kent Sewage Works 























Period Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
(a) Discharge (m.g.d.) 
1950-53 25:2 22:6 20-0 22°8 22:6 
1954-56 25-4 23-9 22-4 23-6 23-8 
1957-59 26-4 24°4 22-9 26°4 25-0 
1960-62 30:0 IBpoks 26-9 31-1 28-9 
(6) B.O.D. (p.p.m.) 
1950-53 238 240 220 222 230 
1954-56 239 220 207 220 pps 
1957-59 202 179 179 203 191 
1960-62 229 221 207 224 220 
(c) B.O.D. load (tons/day) 

1950-53 26:7 24-2 19-6 22°5 23-2 
1954-56 27:0 23-4 20:7 PHA 23°5 
1957-59 23-9 19-4 18-0 23°8 21°3 
1960-62 30-6 27-0 24°7 31-0 28-3 


Completely new works are at present being designed by the Board. It is proposed that these will 
allow for a dry-weather flow of 36 m.g.d. and will give secondary treatment to the whole flow to 
produce an effluent with a B.O.D. of 20 p.p.m. 


OTHER SEWAGE WORKS 


The discharges from the remaining sewage works were examined in less detail since it was 
apparent that their effects on the condition of the estuary were likely to be substantially smaller 
than those of the discharges referred to above. Records of analyses and rates of flow were obtained 
for several works treating more than 1 mil gal of sewage per day. For the other works the results of 
analyses of occasional samples only were available. A brief account is given below, of all the sewage 
works not already discussed; the reference following each name is to the position shown on Fig. 48 


(p. 62). 


Ham (S1) 


Since the closing of the sewage works at Ham in 1955 the flow has been passed to the Richmond 
Works. 


East Ham (S6) 


The whole of the dry-weather flow and part of the storm sewage from East Ham have been 
taken by the L.C.C. since March 1962. Previously only part of the sewage was dealt with in this way. 


Stone (S10) 


Settled sewage is discharged from Stone Sewage Works; the quality of the effluent has deteriorated 
in recent years. 
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Swanscombe (S11) 


The crude sewage arriving at Swanscombe Sewage Works is very strong, the average B.O.D. 
being reported as 800 p.p.m. for the second half of 1962. During the previous 10 years the quality 
of the settled sewage had deteriorated. Since the first quarter of 1962, about half the flow arriving at 
the works has been passed through percolating filters, and the B.O.D. of the final mixed effluent 
has been reduced to about 150 p.p.m. Experiments are being made in which the whole flow is 
being passed through the filters. 


Northfleet (S12) 


Since September 1960 the effluent from Northfleet Sewage Works has been piped direct to 
Robins Creek (see p. 48); previously it was discharged to the Ebbsfleet where, no doubt, additional 
purification occurred before it reached the estuary. For the purposes of the present investigation 
the discharge has been considered to be direct to the estuary. The area served by the works has 
recently been extended. 


Tilbury (S13) 


Considerable extensions to the primary treatment plant at the Marsh Farm Sewage Works, 
Tilbury, were completed in 1959. About a sixth of the flow receives secondary treatment, but a 
scheme for full treatment is being prepared. In recent years the drainage area has been developed 
extensively. 


Gravesend (S14) 


Primary sedimentation is provided at Gravesend Sewage Works, and roughly } m.g.d. receives 
further treatment in an activated-sludge plant, this flow being about a fifth of the total flow in 
1950-53 and a seventh of that in 1960-62. 


Stanford-le-Hope (S15) 

The sewage works at Stanford-le-Hope were extended in 1955; secondary treatment is provided 
partly by normal and partly by high-rate percolating filters. The load on the works is rapidly 
increasing, and further extensions are being designed to allow not only for this but also for treatment 
of the Corringham sewage. 


Corringham (S16) 

Secondary treatment is provided at Corringham Sewage Works by percolating filters. Owing 
to recent increases in flow there are times, even in dry weather, when not all the settled sewage is 
passed through the filters. The extensions now being designed for the works at Stanford-le-Hope 
are intended to treat the whole flow at present taken by the Corringham works which will then be 
closed. 


Nevendon (S17) and Pitsea (S18) 


The sewage works at Nevendon were brought into operation in 1955—largely to serve the 
New Town of Basildon. Full treatment can be given to flows up to 9 m.g.d. 

Full treatment is also given to all the sewage arriving at Pitsea Sewage Works. The increase in 
flow between the two periods shown in Table 42 (p. 82) is partly due to New Town development 
within the drainage area. 

The effluent from the works at Nevendon is discharged to Pitsea Creek, and that from Pitsea to 
Timbermans Creek; both creeks enter Holehaven Creek. 


Canvey Island (S19) | 

The sewage from Canvey Island, at the time of reporting, received no treatment, but was 
macerated before discharge to the Thames. Sewage works have been designed to discharge an 
effluent with a B.O.D. less than 100 p.p.m. under all conditions, and to give full treatment to 
flows up to three times the dry-weather value. Inka aeration tanks are to be used in the 
activated-sludge process. Construction was begun in May 1963. 


South Benfleet (S20) 

Secondary treatment is provided at South Benfleet Sewage Works by percolating filters. The 
large increase in flow during recent years has caused flooding at the works and, at times, a severe 
deterioration in the quality of the effluent. Proposals for new sewage works have been approved; 
in the meantime a temporary additional humus tank and additional filters are being provided, and 
it is hoped that these will improve the quality of the effluent. 
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Leigh-on-Sea (S21) 
The sewage works at Leigh were closed in 1960, all the sewage (apart from storm discharges) 
then being passed to Southend. Diversion of part of the flow began in 1953. 


Southend-on-Sea (S22 and S23) 
Primary sedimentation is provided at the Prittlewell Sewage Works at Southend. The works 
were extended in 1958. 


SUMMARY 


Average values are given in Table 42 for the flow, B.O.D., and B.O.D. load of the discharge 
from each sewage works. From this table it is seen that although the total flow increased, the B.O.D. 
load was reduced. Thus the total average flow discharged is estimated to have risen by 61 m.g.d. 
from 1950-53 to 1960-62; this increase represents 14+ per cent of the average flow in the early 
period. Nevertheless, during the same interval, which is effectively one of 94 years, the B.O.D. 
load fell by 58 tons/day (17 per cent) and the weighted average B.O.D. fell from 178 to 129 p.p.m. 
—a decrease of 49 p.p.m. (28 per cent). It may be noted that if the figures for Northern Outfall are 
excluded the B.O.D. load rose by 54 tons/day (40 per cent). 


Table 42. Estimated average values of flow, B.O.D., and B.O.D. load discharged to 
estuary from sewage works in 1950-53 and 1960-62 












































Point of discharge 1950-53 1960-62 
Sewage works 
Miles from North or | Ref. on map BIOs; BOD: 
union Sonieh Fig. 48 | (SOU | BOD ad 
Bridge bank (p. 62) 2d) VD He (tons/day) (m.g.d.) | (bpm) (tons/day) 
Ham 17:3 above S $1 0:15 60 0-04 —_ — 0 
Mogden LOE N $2 83-2 17 6°39" | 924 66 27 
Richmond 1 2e S 83 D7, 110 2:8 6:5 6:6 0-19 
Acton OSE. N S4 Soil 530* 7:5* 3°6* | 540* 8-6* 
Northern Outfall | 11-4 below N S5 190 239 203 211 96 91 
East Ham TE Te; N S6 4:5 124 D5 ay 148 1:8 
Southern Outfall | 13:6 ,, S S7 96:5 182 77-4 | 109 200 95:5 
Dagenham 152i, N S8 8-8 117 4-6 12:0 195 10-4 
West Kent 19-4 ,, S S9 22:6 230 232) 28-9 220 28°3 
Stone 20°99" S $10 0-3 115 0-15 0-3 337, 0°5 
Swanscombe PPREPY Be S $11 0:2 200 0:2 0:22 286 0-28 
Northfleet 24:8 ,, Ss $12 0:6 99 0:3 1-0 72 0:3 
Tilbury PAE wo N $13 2°8 100* 1-3* 4-1 219 4-0 
Gravesend US aoe S S14 1-2 265 1:4. 1:8 251 2:0 
Stanford-le-Hope | 32:1 __,, N $15 0:4 26 0-05 0:5 30 0:07 
Corringham So OumES N S16 0-15 33 0:02 0-2 47 0-04 
Nevendon 30 Ones N $17 — _ 0 205 19 0-3 
Pitsea 35°80, N $18 0-15 33 0:02 0:3 29 0-03 
Canvey Islandt Sion he N $19 0-15 360 0:2 0-45 | 340 0-7 
South Benfleet 40:0. ;; N $20 0:25 26 0-03 0:8 80 0-3 
Leigh-on-Sea 40:0 _,, N 52) 0:45 95 0-19 — — 0 
Southend-on-Sea | 44-6 _,,f N 523 6:6 264 7°8 8-8 249 OV7 
Totals 428 339 489 281 





* Very rough estimate. 
+ Pumping station discharging crude sewage. 
{ Storm-sewage outfall 43-8 miles below London Bridge, $22. 


STORM-SEWAGE DISCHARGES 


FROM L.C.COoSEWERS 


At times of high rainfall intensity there are many discharges from the sewers of the London 
County Council direct to the Thames Estuary. Most of this storm sewage is pumped from the 
low-level sewers, but at some points the discharge is by gravity. There are 11 pumping stations 
and some 15 storm reliefs discharging to the estuary in the 20 miles from Hammersmith to Woolwich. 
Since little was known previously about the polluting load discharged in storm sewage, and it was 
considered possible that it might have an important bearing on the condition of the estuary, the 
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subject was examined as thoroughly as seemed practicable and is discussed in the pages which 
follow. 

The records of the pumping stations were examined, and average values for the rates of pumping 
were calculated over a large number of years. These averages were related to the corresponding 
rainfall figures. The rate of discharge of gravitational storm sewage was calculated for 1952 by the 
L.C.C. and has been estimated for other years. 

During 1953-54 samples of storm sewage passing direct to the estuary were taken by the L.C.C. 
Some of these samples were analysed by the Council and others by the Laboratory. From the figures 
thus obtained for both quantity and quality it has been possible to estimate the polluting load to 
the estuary due to storm sewage. 


Rates of discharge in 1913-1954 


The rate of pumping, even when averaged over periods of 3 months, is found to be subject 
to large variations, since there are times when no storm sewage is pumped for a month or more 
and others when pumping is required on several successive days. 

Monthly totals were evaluated whenever the data were available—except during the period 
from 1940 to 1944—and quarterly averages have also been calculated. In the earliest records the 
averages for financial years only have been discovered. In the few cases where there were no records, 
estimates were made of the probable quantities pumped at certain stations. The quarterly and yearly 
averages are shown in ‘Table 43. The figures in this table, and in subsequent tables in this section, 
must not be assumed to be correct to the number of significant figures to which they are given. The 
volumes pumped are derived from the capacities of the pumps and the duration of the pumping; 
the effective capacity of a pump, particularly of an old one, is subject to a certain amount of 
fluctuation. In addition, the pumping records are often difficult to interpret accurately and sometimes 
the data are incomplete. 


Table 43. Average rates of discharge of storm sewage from pumping stations, in m.g.d. 























Period Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
1913 — 3°1 4-0 Heil 6-0* 
1914 Her —— — = 7-2* 
LOLS: — — — = 9-5* 
1916 — — wsikd = 7 ae 
1917 _- —- — = 10:1* 
1918 = == — — 2% 
1919 oa — = 9.2* 
1920 — — — = — 
1921 — — — — oy 
1922 — 2 4-1 DASE) 3° 1% 
1923 3-4 — — — 4-4% 
1924 = — — — 8-5* 
1925 — — — — 4-8* 
1926 — — — — 6-7* 
1927 — 5-1 14-6 UX 9-7* 
1928 11-6 Oy 4-9 Ord 8-1 
1929 0-8 1-4 5-4 14-5 5:6 
1930 5-0 Ps Bye! S.i7, 5:8 
1931 1-4 AL ICS steal 6:0 
1932 2°5 8-3 126 1shOF 8:8 
1933 7°5 10-0 14-1 4-9 9-1 
1934 4-6 5s) 10-2 PIL OP, 10-4 
1935 7-6 18-1 16-1 PS 16:0 
1936 ines 10:5 iyo’) 19-0 14:3 
1937 BAO 18-4 5-6 22-0 19-3 
1938 3-4 Dist} 14-1 1539 9-0 
1939 14-1 8-6 i OENS 33-6 18-9 
1940-44 Figures not abstracted 
1945 3-4 eI 8-6 5-6 6°7 
1946 3-8 Lo) L627 6:3 9-7 
1947 L126 5:6 6:4 3-4 6°8 
1948 4-2 6-6 F9 11-4 7°5 
1949 2-5 7h? El 18-1 8-3 
1950 6:5 eS iba 135 9:7 
1951 AL 7:4 14-2 11-3 1215 
1952 6:8 729 11-5 18-5 bia? 
1953 328 Son T5e2 iba 987 
1954 5e5 9-4 136 — — 
1928-1939 8-4 8: ties Wssop2 10-9 
1945-1953 6:6 729 10-7 WGLodl 9-1 








a 


= Figures not available at time of calculation. 
* Average for year beginning 1st April. 
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When the variations which occur in the figures’in each column of Table 43 are taken into 
consideration it is seen that the differences between the two averages for periods of about 10 years 
before and after the 1939-1945 war are relatively small. The average for the earliest years (for which 
financial yearly averages are quoted) is 7-4 m.g.d., which is less than for the two more recent periods. 

The quantities pumped are necessarily related to rainfall, but the volume discharged per inch 
of rain will depend on the duration and intensity as well as on the total fall. For example, if 2 in. of 
rain fell in one day it is likely that a large volume of sewage would be pumped into the estuary, but 
if the 2 in. were spread uniformly over a period of a month no pumping of storm sewage would be 
necessary. In Fig. 54(a) the total volumes pumped during certain quarters are plotted against the 
corresponding rainfall figures which are the averages of those recorded at some ten sites in the 
London drainage area—mainly at the pumping stations. A straight line has been fitted by the method 
of least squares and it may be seen that this line fits the points for each of the four quarters with about 
the same degree of accuracy. 





PER —CENT]= OF: CALCULATED 





DISCHARGE OF STORM SEWAGE (mil gal) 


0 
IO: 12) 1945 1950 1955 1960 
RAINFALL (in.) YEAR 


Fic. 54. Volume of storm sewage pumped to estuary as estimated from L.C.C. data 
(a) Relation between quarterly totals of rainfall and of storm sewage, 1928-1939 and 1945-1953 
(b) Yearly totals pumped as percentages of values calculated from quarterly rainfall totals and straight line in (a) 


So far the pumped discharges alone have been considered. There are also gravitational 
storm-relief outlets which come into operation only when the water in the sewers rises above 
certain high levels. Some of these outlets have not been in use for many years, as the general level in 
the sewers is lower than formerly—a result of the introduction of more pumping machinery. 

The total discharge from the gravitational storm-relief sewers during 1952 was estimated by the 
L.C.C. (from the records of Venturi meters and Bristol gauges in some of the sewers and from a 
knowledge of the maximum discharge capacities of the outlets) to be 629 mil gal, which is about 13 
per cent of the total discharge of storm sewage during that year. 


Percentage run-off in 1949-1953 


It is possible to estimate approximately the percentage run-off from the L.C.C. drainage area. 
In 1949-1953 the total rainfall on the northern area was 113 in.; the average contribution made by 
this rainfall to the flow arriving at Northern Outfall is estimated, by means of the factor 310R/n in 
Equation 5 (p. 69), to be 19-1 m.g.d. Similarly, the rainfall of 106 in. on the southern area is 
equivalent to 12-1 m.g.d. arriving at Southern Outfall—using Equation 7 (p. 74). The average 
rate of discharge of pumped storm sewage during the same period, obtained from Table 43, was 
10:3 m.g.d., and the estimate of the corresponding discharge from the storm reliefs was 1-5 m.g.d. 
The average total excess flow due to the rainfall, that is the run-off, is thus estimated to have been 
43-0 m.g.d., and this is equal to 28 per cent of all the rain falling on the drainage area. 

The run-off of 43 m.g.d. is also equivalent to 17 per cent of the average dry-weather flow; the 
estimated storm-sewage discharge of 11-8 m.g.d. represents 27 per cent of the total run-off, and is 
equivalent to 5 per cent of the dry-weather flow arriving at the two sewage works. 
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The volume of storm sewage discharged is thus a comparatively small proportion of the total 


flow. This is likely to be due to the size of the sewerage system rather than to high settings of the 
overflows (see p. 89). 


Rates of discharge in 1955-58 


After completing the analysis of discharge figures for 1913-1954, records for 1955-58 became 
available and these were examined to see whether they conformed to the same pattern as the earlier 
records. ‘The results are shown in Table 44. The predicted discharge of gravitational storm sewage 


_has been taken to be 15 per cent of the pumped discharge estimated from the rainfall—or 13 per 
cent of the total predicted discharge. 


Table 44. Comparison of L.C.C. estimates of volumes of storm sewage discharged in 1955-58 with 
volumes calculated from rainfall data 








_ Period 1955 1956 1957 1958 1955-58 
Rainfall (in.) 19-11 20:82 | 20-02 28-28 88-23 
Discharge from pumping stations (mil gal) | 

A, from L.C.C. pumping records 4231 4385 4050 6852 19518 

B, predicted from rainfall 3170 3570 3380 5290 15410 
Discharge from gravitational storm reliefs (mil gal) 

A, from L.C.C. estimates 569 613 594 925 2701 

B, predicted from rainfall 480 540 510 790 2320 
Total storm sewage discharged (mil gal) 

A, from L.C.C. data 4800 4998 4644 i 22219 

B, predicted from rainfall 3650 4110 3890 6080 17730 

A as percentage of B 132 122 119 128 125 

















The final line of the table suggests that the average rate of discharge of storm sewage during 
1955-58 was about 25 per cent greater than would have been expected had the relation between 
rainfall and rate of discharge been the same as in the earlier period. The lack of constancy of the 
relation between these two factors could account, in part, for this discrepancy, but the fact that in 
each of the four years the estimated discharge was 19-32 per cent greater than predicted strongly 
suggests a systematic increase in discharge of storm sewage in recent years. It seems probable that, 
in the absence of changes to the sewerage system, the present upward trend in the flow arriving at 
the L.C.C. sewage works (even in dry weather) will result in an increased discharge of storm sewage. 

The estimated quantities of storm sewage discharged from the pumping stations in 1945-1953 
and 1955-58 are plotted in Fig. 54(b) where they are expressed as percentages of the values predicted 
from Fig. 54(a) using the quarterly rainfall data. 


Quality of discharges in 1953-54 


The quality of storm sewage is subject to wide variations!°, and to obtain a sufliciently reliable 
estimate of the average polluting load discharged from the L.C.C. sewers at times of rainfall it was 
necessary to take a large number of samples for analysis. 

The L.C.C. took some 850 samples of storm discharges occurring on 42 days from 19th July 
1953 to 16th September 1954. Portions of most of the samples were examined at the Laboratory 
for permanganate value, B.O.D., and suspended-solids content. Some samples were examined by 
the L.C.C. alone, and others by both the L.C.C. and the Laboratory. The figures to be quoted 
were derived mainly from the results of the Laboratory’s analyses, but occasionally, where these 
have not been available, the results found by the L.C.C. have been used. 

To obtain the average B.O.D. of the discharge from a given pumping station to the estuary, 
the B.O.D. load during each period of pumping in which samples were taken was first calculated. 
The sum of all the loads was then divided by the total discharge from the station during these 
periods. The same procedure was used in calculating the average permanganate value and suspended- 
solids content of the discharge. 

The method of estimating the loads discharged depended on the completeness of the available 
data. Where, asin Fig. 55(a and b), samples were taken throughout most of the storm, the individual 
B.O.D. values were plotted against the quantity that had been discharged up to the time of sampling. 


86 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


The plotted points were then joined by straight lines which were extended, where necessary, to 
cover the whole of the period of pumping, and the B.O.D. load for the storm was found by measuring 
the total area under the curve. On occasions such as those illustrated by Fig. 55(c and d), when too 
few samples were taken, or all the samples were taken at approximately the same stage of pumping, 
the loads were found from the products of the amount of liquid discharged and the average values 


of the B.O.D. 


? 























Ww (sang 
= re A 
Z 91} Merk Brcictnste nalwe & Siok (b) 
9 B =a Suspended solids 8 > a) 400 
aS od #8 
a tl 3 S$” 300 
a2) |} Spcin 

q (00; 005 29 200 
Ze eG 
< ae Ww «2a 
ooh [fen | poo BB 100 
5 5 = Phy 
a ; e oo 0 

0 IO E20 7150 AG eng ag 

rz Ww 
4 rd a 
eae 10 < a. 
2 E Key as in(a) = 300 Key as in (a) 000 w 
< 2 80 {7 2) 
Pass SE a 
on a «200 20008 
Oo. gasy a 

a uJ 
33 2, 100 1000 3 
<I < {D> LJ 
fa se 0 vi Ox 0 oi 
O 0 > 64> 0 = 
O 100-200 3001 a 9 10 "2075302940 eee 

CEASED CEASED 
STORM SEWAGE DISCHARGED SINCE BEGINNING OF STORM 
(1000 tons) 


Fic. 55. ‘Typical results of analysis of storm sewage discharged to estuary 
from pumping stations in 1954 


(a) Hammersmith on 11th June 
(b) Western on 12th May 

(c) Abbey Mills on 25th July 
(d) Earl on 6th August 


This method allows for variations in quality of storm sewage from station to station; in sub- 
sequent calculations no allowance is made for any seasonal variation in quality—plotting the 
average permanganate value for each storm against the date did not show any regular variation with 
time of year. 

The results obtained in this way are shown in Table 45. It may be noted that the weighted average 
B.O.D. of crude sewage arriving at the Northern and Southern Outfall Works in 1949-1954 was 
about 350 p.p.m. 


Estimation of polluting load discharged in 1952 


To arrive at a figure for the polluting load due to storm-sewage discharges, the flow figures 
for 1952 were multiplied by the average concentrations obtained from analytical data for 1953-54 
(no samples were taken for analysis in 1952, nor were detailed figures available for the discharge 
of gravitational storm sewage during 1953-54). It was necessary to assume that the water discharged 
from Lots Road Pumping Station (where no samples were taken) had a composition which was the 
average of that from all’the other pumping stations. The calculated load from each storm-sewage 
outfall is given in Table 46 and the B.O.D. loads are also shown in Fig. 56. 


B.O.D. LOAD (tons / day) 


20 


05 
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during certain storms in 1953-54 


Table 45. Results, in p.p.m., of chemical analysis of storm sewage discharged 


(a) Average values for individual stations. Figures in parentheses show number 


of storms for which samples were analysed 














Miles from ies 
Station* London show § EOD: 

Bridge Fig. 48 

(p. 62) 
N. Western S.R. | 9-2 above R1 104 (3) 
Hammersmith Seino ORw,. Pi 195 (8) 
Falcon Brook BiSmae: 98). R2 199 (5) 
Ranelagh S Reale 1) R2 102 (5) 
Western Essense OF ay, P4 229 (8) 
Heathwall ESalec4 &,, PS 183 (5) 
S. Western SERS esc+e R4 40 (4) 
Fleet Soe Os /ee Ss R9 Sou (5) 
Shad Thames P.S. | 0:8 below P6 Dien (2) 
N. Eastern See pe O85, R11 156 (4) 
Earl . Pose los On os P7 123 (10) 
Deptford | PS aletcom es P8 102 (4) 
Isle of Dogs JERS |} OSU) P9 230 (15) 
Abbey Mills PSO O sy aml P10 102 (8) 
Charlton SERIES. 3 94, R15 132 (6) 
N. Woolwich SEOs is, Pil 400 (8) 
* S.R. = Gravitational storm relief, P.S. = Pumping station. 


+ Discharges to River Lee. 


bg Suspended 
ganate : 
ene solids 








63 (3) | 336 (3) 
375 (12) | 291 (12) 
69 (5) | 343 (5) 
48 (6) | 279 (6) 
104 (8) | 556 (8) 
103 (5) | 455 (5) 


235 (8) | 2676 (8) 





(6) Ranges of individual values, and weighted average values, for all samples 
from pumping stations and gravitational storm reliefs 





Permanganate | Suspended 
value solids 

Pumped discharges 

Range 0-747 13—25000 

Average 152 706 
Gravitational discharges 

Range 4-194 46-1360 

Average 54 339 
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MILES FROM LONDON BRIDGE 


Fic. 56. Estimated average B.O.D. load discharged to estuary in storm sewage in 1952 
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Table 46. Estimated average polluting load discharged in storm sewage to estuary during 1952 using 
analytical data for 1953-54 






































a a TET a ea Cea Ce ae ee reas TLRS EST (SE TS Py ECT ay Tm 1) Cmts po Pot oe men TI 

Point of discharge Load (tons/day) 

Mil North ‘ d oe 

Station* iles ort E ischarge 

from or Age (10° gal) B.OD ied Suspended 

London south (p>. 62} Lowes eae. i solids 

Bridge bank ay 
N. Western S.R. | 9:2 above N R1 0-09 0-12 0:07 0-39 
Hammersmith P38; 429202 0%, N Pi 0:34 0:81 1-56 1-21 
Falcon Brook PIS. aie 52 Ose S iep 0:08 0-19 0-07 0:33 
Lots Road Biseees 2s N ibs 0:66 1-487 1:01f 5-187 
Ranelagh SiR 4 1 Se N R2 0:02 0-03 0-01 0:70 
Kings Scholars Pond SRE) are N R3 0-07 0-08t 0-05t 0-29f 
Western B2S: 71439 Bae N P4 0-71 1:97 0:89 4-79 
Heathwall BS" 4 eee Ss BS 0-20 0-43 0:24 1-10 
S. Western SIR. 83:4 os S R4 0:06 0-03 0-02 0:10 
Clapham SiR aac 9 ae. S RS5 0-05 0-06t 0:04¢ 0:23t 
Regent Street Sik.) 1-65 Ee, N R6 ‘ ; : ; : 
Northumberland Street SIR Os a N R7 0:04 0-034 0-02t 0-18} 
Savoy Street Saal 3 aes N R8 0:01 0-01f 0-01t 0:05t 
Fleet Sea nO) aes N R9 0-11 0-09 0:08 0:58 
London Bridge S.R. 0 N R10 0-00 0-00 0-00 0-00 
Shad Thames P.S. | 0:8 below S P6 0-08 0-13 0-03 0-25 
N. Eastern Sp Rea ao ae Oimeerss N Ril 0:03 0-06 0-01 0-10 
Holloway Suey |) ere N R12 0-01 0-01t 0-01t 0-03t 
Earl PES uo. eee 5 Py 0-39 0-59 0-42 2:89 
Deptford SRE S R13 0-03 0-04t 0-03f 0-15t 
Deptford PS) 14:80 4s S P8 0-46 0-57 0:38 1-75 
Isle of Dogs IDSy | SO) N P9 0-16 0-48 0-41 1-43 
Wick Lane SURO ZOE ans N R14 0-00 0-00 0-00 0-00 
Abbey Mills PS i079 tees N P10 0:99 1-24 0-78 7226 
Charlton SPR Seo sis Ss R15 ~ 0:08 0-13 0-05 0:31 
N. Woolwich PS. N9 oes N iyi 0-02 0-08 0-04 0:57 
Totals for pumping stations 4-09 7:97 5-83 26-76 
Totals for gravitational storm reliefs 0:60|| 0-69 0:40 Se 
Grand Totals 4-69 8-66 6°23 29-87 





* S.R. = Gravitational storm relief, P.S. = Pumping station. 

+ Quality taken as average of all other pumped discharges. 

t Quality taken as average of all sampled gravitational discharges. 

§ Discharges to River Lee. 

|| A further 0:03 x 10° gal is estimated to have entered from other storm relief outlets. 


Estimation of B.O.D. load during single heavy storm 


The figures given in Tables 4446 all refer to averages over a period of at least three months, 
but the discharge of storm sewage is essentially spasmodic. The pollution added to the estuary 
during a single storm may be large; for instance, in Table 47 are shown the estimated loads from the 
pumping stations during a heavy storm on 13th January 1954. Samples were obtained from only 
six stations and for two of these the B.O.D. has been estimated from the permanganate value; 
nevertheless, since these six stations account for three-quarters of the total B.O.D. load of 147 tons, 
it is reasonable to suppose that the total has not been greatly over-assessed. 

From Table 46 it can be seen that the estimated B.O.D. load from the gravitational storm 
reliefs during 1952 was roughly 9 per cent of that from the pumping stations. However, during a 
heavy storm the load due to gravitational discharges may well form a higher proportion of the total 
load than under average conditions, and the total B.O.D. load discharged in this particular storm 
may therefore have been considerably greater than 160 tons, which is 109 per cent of 147 tons. 
This load was of the same order as the average daily load from Northern Outfall (Tables 33-34, 
pp. 71-72). On such an occasion the effect of storm sewage must be great in the upper and middle 
reaches of the estuary. 


Comparison of results with those obtained from a small drainage area 


In 1960-62 the Laboratory examined the flow and composition of storm sewage in a drainage 
area of about } square mile in the Borough of Northampton”. It is of interest to compare the 


estimates of the discharge of storm sewage from the L.C.C. system with the corresponding 
Northampton data. 
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Table 47. Estimated B.O.D. load of storm sewage pumped into 
estuary on 13th January 1954 





Miles from Volume B.OD B.O.D. 
Station London pumped ee ae load 
Bridge (mil gal) (p-p.m-) (tons) 
Hammersmith 9-0 above 16-8 162* UO 
Falcon Brook 5: Oars 6-0 1997 5:4 
Lots Road OPA. 18-8 184} 15-4 
Western Be Oe: 16-1 164 de 
Heathwall 3245 .,, 6-6 183+ 5-4 
Shad Thames 0-8 below 5:0 127t 2:8 
Earl ScOm .. 13-7 1237 75 
Deptford 4° Sons 23-9 258 27-4 
Isle of Dogs OcOR |; 5-4 179 4-3 
Abbey Mills Oe On uk 51-0 235% 53-4 
N. Woolwich DOs 0-6 500 iN) 
Totals 163-9 147 





* Estimated from permanganate value. 
+ Average B.O.D. for all samples analysed at station during 1953-54. 
{ Discharges to River Lee. 


The volume discharged from the L.C.C. sewers in 1949-1953 was estimated to have been 
equivalent to 28 per cent of all the rain falling on the drainage area (p. 84). At Northampton, a 
corresponding proportion of the total rainfall would have been discharged from an overflow set 
at rather more than ten times the average dry-weather flow (10 d.w.f.). Alternatively, the estimated 
discharge from the L.C.C. sewers can be regarded as being equivalent to 5 per cent of the dry- 
weather flow arriving at the sewage works; on this basis the corresponding proportion would have 
been obtained at Northampton from an overflow set at 20 d.w.f. 

The estimated B.O.D. load discharged as storm sewage can also be used to obtain a comparative 
overflow setting. If the B.O.D. of the crude sewage arriving at the L.C.C. outfall works in dry 
weather during 1952 was roughly the same as the average for all the sewage arriving during 
1949-1954, then the storm-sewage load of 8-7 tons/day is equivalent to about 8 days’ dry-weather 
sewage load per year from the whole drainage area. At Northampton, discharges amounting to 8 
days’ dry-weather sewage load in a year of average rainfall would have been expected from an 
overflow set at 14 d.w.f. 

The settings of the gravitational storm reliefs are believed to be of the order of 4 d.w.f. on the 
north side of the estuary and 6 d.w.f. on the south. The stations pumping to the estuary are of two 
kinds. At those which also pump sewage continually to the sewage works, discharge to the estuary 
starts at about 2} d.w.f. on the north side and 24 d.w.f. on the south; at those pumping solely to the 
estuary, the storm sewage entering the pump wells passes over weirs set at about 5 d.w.f. on the 
north and 6 d.w.f. on the south. 

The larger the drainage area and the longer the time of concentration, the more important become 
the rainfall distribution over the drainage area and the duration of rainfall. The total area served by 
the L.C.C. system is about 500 times that of the Northampton site, and although the overflows to 
the Thames are situated along the dividing line through the area, formed by the river, the time of 
concentration must be so great that in many storms the surface water entering from the outlying 
areas will not affect the flow at the storm-sewage pumping station until all the run-off from the 
vicinity of the station has passed by. Accordingly, when account is taken of the greatly different 
size of the drainage areas, it is not surprising that the proportion of storm sewage discharged from 
the L.C.C. sewers is small in comparison with what would be expected at Northampton where the 
time of concentration is less than 20 min. . 


OTHER STORM DISCHARGES © 


The L.C.C. sewerage system is not the only source of storm sewage entering the estuary. Along 
the banks there are numerous pipes discharging water which is neither sewage effluent nor industrial 
waste. The flow from many of these pipes is continuous though variable; from others the flow is 
intermittent. The source of the water is generally land drainage or surface water, but there is often 
pollution by crude sewage. 

Figures for the estimated flow of thirty of these discharges (entering at points from 17 miles 
above to 20 miles below London Bridge) were supplied by the P.L.A., together with average B.O.D. 
figures which range from 5 to 400 p.p.m. The total average flow is estimated to be 1-3 m.g.d. and 
the B.O.D. load 0-14 ton/day. 
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The effluents from some 30 000 industrial concerns in the London area are discharged to the 
sewers; it was estimated on p. 74 that these efHuents might contribute a B.O.D. load as great as 
200 tons/day to the crude sewage arriving at the L.C.C. sewage works. In addition, a number of 
works and factories situated on the banks of the estuary discharge polluting effluents direct to it. As 
mentioned at the beginning of the chapter, many of these concerns were visited in an attempt to 
assess the polluting load discharged to the estuary. 

The estimated B.O.D. loads for 1952-53, which are shown in Table 48, were based on the 
results of analyses made by the Laboratory and on information supplied by the works concerned 
and by the P.L.A. It must be emphasized that some of the figures given in this table may be 
considerably in error. It is not always possible to obtain a reliable estimate of the average load 
discharged over a number of years from samples taken during a few hours on a single day when 
the operation of plant may differ from the average. Also, many of the discharges examined were 
those in which Thames water used for cooling purposes was liable to receive the addition of polluting 
matter in passing through open condensers. Even small differences in concentration between inlet 
and outlet water may represent significant quantities of polluting matter if the rate of discharge is 
sufficiently great. In some of the systems where ‘Thames water is used, suspended matter present 
in the inlet water settles out in storage tanks in the system. Any deposit accumulating in the tanks 
is removed and generally returned to the Thames or discharged to the sewers; this introduces 
further complications when trying to assess the polluting load from samples of intake water and effluent. 

In January 1963 the P.L.A. provided B.O.D. data relating to the trade wastes that had been 
discharged to the estuary in the previous year. Figures for the rate of discharge were provided by 
the individual firms, with whom agreement was reached on the most suitable estimate of the average 
B.O.D. load discharged during the year. These loads, which are included in Table 48, are likely to 
be generally more reliable than the corresponding estimates for 1952-53, partly because of the more 
frequent sampling carried out by the P.L.A. and the inclusion of the B.O.D. in the analyses of all 
samples, and partly because the rates of discharge of many of the effluents are now known more 
precisely than 10 years ago.\In a few cases, as a result of more reliable estimates of flow becoming 
available, the earlier figures for 1952-53 were revised by taking account of changes between the 
two periods—both in rates of production and in treatment provided. No data had previously been 
obtained for discharges 129-32 and for two of these it is no longer possible to estimate the loads 
relating to the earlier period. For this reason, discharges entering downstream of 32 miles below 
London Bridge are excluded from the total given at the foot of the table. Only those concerns 
discharging B.O.D. loads estimated to be not less than 0-02 ton/day (in one or both of the periods 
considered) are included in Table 48. 

It is immediately seen from the table that in 1952-53 the distillery (116) producing industrial 
alcohol contributed about half the total B.O.D. load from direct industrial sources. This distillery 
discharged to the estuary for about 30 years, during most of which time the consumption of molasses 
was increasing gradually, being at its maximum in 1950-51. The type of molasses was changed in 
July 1954, and the organic content of the waste water was approximately halved. The distillery was 
closed at the end of 1957. It may be noted that, with the exclusion of the discharge from the 
distillery and of discharges more than 32 miles below London Bridge, the estimated total loads for 
1952-53 and 1962 are almost identical. 

Part of the effuent from Beckton Gas Works (115) is discharged to the L.C.C. sewers; since 
1957 this proportion has been increased. 


GAS-WASHING WATER FROM POWER STATIONS 


To reduce atmospheric pollution, the flue gases from Battersea and Bankside electricity- 
generating stations are washed with water taken from the Thames and to which chalk has been added. 
When, after some aeration in the presence of a catalyst, this water is returned to the estuary, it 
usually has a lowered oxygen content and contains some sulphite in solution. 

The oxidation of the sulphite is a rapid process, and the effect of these discharges will be virtually 
the same whether the oxidation takes place before or shortly after discharge to the estuary. In either 
case the net removal of oxygen from the estuary water is the sum of the oxygen removed within 
the station and the oxygen-equivalent of the sulphite discharged. For the purposes of the present 
chapter, this sum is considered to represent the B.O.D. load, since the oxidation will certainly be 
complete within 5 days; these discharges are the only ones for which the B.O.D. load will also 
represent the total removal of oxygen from the estuary water. 


Battersea 


Three separate estimates, outlined below, give a figure of around 3 tons/day for the depletion 
of oxygen in the Thames due to flue-gas washing at Battersea (3-7 miles above London Bridge). 
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Table 48. Estimated average rate of pollution of estuary by direct industrial discharges 
(excluding those from power stations) in terms of B.O.D. load 
































Point of discharge Se ore 
Refi on (tons/day) 
map 
Industrial concern Miles from | North or Fig. 48 

London south (p. 62) 1952-53 1962 

Bridge bank 
Sugar refinery 9-0 above N 12 0-02 0-02 
Glucose and maize products factory 6: a S 14 0-03 0:07 
East Greenwich Gas Works 7-1 below S 18 0-9 0°5 
Flour mill FAG aay N 19 0-06 nil 
Flour mill tT. hes N 110 0:09 nil 
Sugar refinery SAO es S 112 0-21 0-06 
Sugar refinery EQ N 113 0-06 0-04 
Edible-oil refinery oe N 114 0-1 0-2 
Beckton Gas Works Toe N 115 5:5 0-8 
Distillery 134s N 116 25°8 nil 
Edible-oil refinery 15s 3. eek; S 117 0-3 0-25 
Chemical works , UCD oe S 118 0:5 0-6 
Paper mill 1832973 S 119 0-2 0-7 
Paper mill LS is2 ae S 120 0-9 2°7 
Chemical works 13 As: N 1D 0-2 0-4 
Board mill 12) es, N 122 6:2 6:1 
Margarine factory 20-0 N 123 Ps 3-0 
Paper mill 21 are S 124 0-8 1-9 
Soap works PILSEN ee N 125 0-2 0:3 
Paper mill 24°8 ,, S 126 Xo) PRP) 
Paper mill Dosen 5 127 0-8 ibo72 
Paper mill 26-0 S 128 0-9 1-4 
Petroleum storage BC 5p N 129 0-5 0-5 
Petroleum products AVA N 130 ? 8 
Petroleum products 3408s N 131 nil + 
Petroleum products Rew | se N 132 ? 1-6 
Total upstream of 32 miles below London Bridge 48 22-4 











Figures supplied by the Central Electricity Authority (now the Central Electricity Generating 
Board) show that the coal used in 1952 had a sulphur content of 0-96 per cent. Flue gases contained 
about 80 per cent of the sulphur from the coal, and 52 per cent of these gases were washed, the 
average efhiciency of removal of sulphur being 78 per cent. It is calculated that the average oxygen 
equivalent of the sulphite entering the washing water varied between 2-6 tons/day in the summer 
and 3-8 tons/day in the winter, with an average value of 3-4 tons/day. Some reduction must be 
made to thése figures to allow for aeration before discharge to the estuary. 

From the results of analyses made at the station by staff from the Laboratory on 21st January 
1953, the oxygen depletion of the estuary water was estimated to have been 4-6 tons/day; taking 
into account the operational load on that day, the figure for average conditions would be about 
3 tons/day. 

The Central Electricity Authority provided analytical figures for the water passing through the 
station from November 1954 to April 1955, and these give an average of 3-0 tons/day for the oxygen 
depletion of the estuary. 

By 1962 the proportion of the gases washed had been increased to 98 per cent, and in that year 
the average sulphur content of the coal burnt was 42 per cent greater, and the power generated 
was 6 per cent less, than in 1953. Thus, if it is assumed that the oxygen depletion of the estuary 
water changed in proportion to the quantity of sulphur in the gases washed, the figure of 3 tons/ 
day for 1953 leads to one of 7-6 tons/day for 1962. Detailed analyses of the intake water and 
effluent discharged were made by the C.E.G.B. and P.L.A. on three days in March-April 1963; 
after adjusting the results to allow for the greater than average power generation on these days, the 
oxygen depletion load is estimated to be 6-2 tons/day in 1962. This figure is considered to be the 
more satisfactory estimate. 


Bankside 


At Bankside Power Station (0-7 mile above London Bridge) the fuel used is oil, and during 
1954 the average rate of consumption was 221 tons/day. The sulphur content of the oil was 3-7 
per cent and all this sulphur entered the gas-washing plant, where at least 95 per cent of it was 
removed by scrubbing with estuary water. The sulphite dissolved in the scrubber water when it 
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entered the effluent-treatment plant had an average oxygen equivalent of 3-9 tons/day. In this 
plant a small quantity of a neutral manganese salt was added as a catalyst, and the water was aerated 
in two chambers, each 38 ft deep and 21 ft in diameter, by an air flow of 2340 ft?/min. These chambers 
were arranged in parallel, and each chamber contained four compartments arranged in series. From 
figures for the flow of condenser water and flue-gas washing water, for the oxygen content of the 
intake water, and for the sulphite content of the water after aeration, it was estimated that during 
1954 this discharge reduced the oxygen content of the estuary water by an average of 1-2 tons daily. 

No detailed figures are available for more recent years. ‘The sulphur content of the oil burnt in 
1962 was similar to that in 1954, and the power generated was 69 per cent greater. In the absence of 
other information it will be assumed that the figure of 1-2 tons/day increased in the same proportion 
as the power production, thus giving a value of 2-0 tons/day in 1962. 


OTHER SOURCES 


The B.O.D. of the water entering the estuary from the Upper Thames and the tributaries was 
discussed in detail in Chapter 3 and summarized in Tables 26 and 27 (p. 59). 

From a study of the quantities of solid matter entering and leaving the estuary it is believed that, 
on average, roughly 700 tons of solid matter daily enters the estuary from the sea. The estimation 
of this figure is considered in detail on pp. 316-322, and the capacity of this material to take up 
oxygen is discussed on p. 243. 

In addition to the pollution entering the estuary from the sources examined above, some 
oxidizable matter enters in solids carried into the water by wind and rain, by discharges from 
shipping, by spilling of material (particularly sugar and household refuse) being transferred to and 
from vessels in the docks and elsewhere, and as the result of atmospheric pollution. The quantities. 
involved in most of these sources of pollution are impossible to assess even approximately—see also 


pp. 242-243. 


TOTAL POLLUTING LOAD 


In Table 49 the B.O.D. loads entering in all the known discharges to the estuary from Teddington 
to 32 miles below London Bridge are summarized—where possible the data are averages for 1950-53 
and 1960-62; figures in parentheses are percentages of the totals for the individual periods. ‘The 
figures for storm sewage were obtained from the average for the L.C.C. discharges in 1953-54 
(Table 46, p. 88) adjusted in proportion to the average rate of discharge during 1950-53 (‘Table 43, 
p. 83) or to the rate in 1960-62 estimated from the rainfall plus the 25 per cent increase noted on 
p. 85. In each case a further 0-14 ton/day has been added to allow for other discharges of storm 
sewage (p. 89). The figures for direct industrial discharges include those for flue-gas washing at 
power stations (pp. 91-92). The figure for fresh-water discharges in 1960-62 has been estimated 
from the data of Chapter 3—the increase over the value for 1952-53 is attributable mainly to high 
flows in the winter of 1960-61. On the basis of 0-12 lb B.O.D. per person per day the total loads 
have population equivalents of 7-8 million in 1950-53 and 6:5 million in 1960-62. 

Although this table gives an overall picture of the relative magnitudes of the various sources of 
pollution, it does not indicate their relative importance in affecting the condition of the estuary, 
since this depends on the ultimate or the effective oxygen demand rather than the B.O.D. (Chapters 
8 and 9), on the point of entry to the estuary (Chapters 18 and 19), and on the proportion lost from 
the system by deposition and subsequent dredging (Chapters 11, 12, 18, and 19). 


Table 49. Estimated average B.O.D. loads (tons/day) discharged 
to estuary from Teddington to 32 miles below 
London Bridge during two periods 


Figures in parentheses are percentages of total 








1950-53 1960-62 
Sewage effluents 331 Goyal 208 38) 
Storm sewage 8-5" (@) 11 9 (3) 
Direct industrial discharges Ze) 317 (9) 
Fresh-water discharges Pheu (Cf), 36 (10) 
Total 420 (100) | 348 (100) 


* Data mainly for 1952-53. + Data for 1962, 
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CELAP Alike 


Early History of Pollution 


If I would drink water, I must quaff the maukish contents of an open aqueduct, 
exposed to all manner of defilement; or swallow that which comes from the river 
Thames, impregnated with all the filth of London and Westminster—Human 
excrement 1s the least offensive part of the concrete, which is composed of all the 
drugs, minerals, and poisons, used in mechanics and manufacture, enriched with the 
putrefying carcasses of beasts and men; and mixed with the scourings of all the 
wash-tubs, kennels, and common sewers, within the bills of mortality. 


Tobias Smollett, Humphry Clinker, 1771 


Smollett may have exaggerated for the sake of literary effect, but he was an outspoken surgeon who 
had plenty of opportunity for observing the Thames, and the quotation above certainly suggests 
that in the latter half of the eighteenth century the reaches of the estuary in the vicinity of the cities 
of London and Westminster were grossly polluted by discharges of crude sewage and industrial 
wastes. Even earlier than this, the condition of the Thames aroused comment, for in a sermon in 
1620, the Bishop of London! expressed the hope that ‘the cleaning of the river . . . will follow in 
good time.’ 

The water, however, in these early years cannot have been anaerobic for long periods, for there 
are records which prove that the Thames was a good fishing river at least until the middle of the 
eighteenth century. In the Middle Ages the fishery was of sufficient importance for regulations to 
be made concerning such matters as a close season for salmon, and the size and type of nets which 
might be used. As late as 1757 the Water Bailiff of the City of London? affirmed that “There is no 
river in all Europe that is a better nourisher of its fish and a more speedy breeder, particularly of 
the flounder, than is the Thames.’ Large numbers of salmon could still be caught during the 
eighteenth century, 130 being sent to market on one day in 1766. 


PERIOD BEFORE CONSTRUCTION OF OUTFALLS 


During the first half of the nineteenth century a serious deterioration occurred in the condition 
of the estuary water, culminating in such foul conditions in central London during the eighteen- 
fifties that sheets soaked in disinfectant were hung in the Houses of Parliament in an attempt to 
counteract the stench’. Between 1800 and 1850 the population of what was later to become the 
County of London rose from less than 1 million to over 2 million; this must have been one cause 
of the deterioration, but a contributory factor was certainly the wider use of water closets, which 
were introduced towards the end of the eighteenth century. The town drains were originally 
intended only for the carriage of street drainage, all domestic wastes being collected in cesspools 
and removed at intervals for manure; as the use of water closets increased—a rapid process after 
about 1830—overflows from cesspools to sewers had to be constructed, and sewage began to reach 
the Thames at many points. During this period the numbers of fish declined, although in 1819 
twelve fresh-water and six salt-water species were listed as occurring in the estuary‘, and as late as 
1828 four hundred fishermen earned a living from the river between Deptford and London’®. By 
1850 all commercial fishing had ceased and so far as is known no salmon has been caught since 18334. 

Until after 1850 a considerable part of the water supply of London was drawn from the tidal 
reaches of the Thames, and the increasing pollution led to outbreaks of water-borne diseases, 
including Asiatic cholera’. The means by which cholera was spread were not understood at that 
time, but from epidemiological evidence Dr. John Snow became convinced that polluted water 
was the principal agent. In 1852 the intake of the Lambeth Water Company was moved to Thames 
Ditton, Surrey, above the reaches polluted by London sewage, and Snow observed that during the 
cholera epidemic of 1853, in the area supplied by that company, the proportion of houses in which 
cases occurred was only one-tenth as great as in an area served by a company which drew water at 
Battersea; during earlier epidemics there had, if anything, been more cases in the Lambeth Water 
Company’s area. Although Snow’s beliefs were not widely held, measures were taken on aesthetic 
grounds to control the use of polluted sources of supply, and the Metropolis Water Act of 1852 
prohibited the abstraction of drinking water from the Thames below Teddington Weir. 
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ADMINISTRATION 


In 1848 the first Metropolitan Commission of Sewers was appointed to take control of all the 
sewers (except those within the City of London) which had formerly been in the charge of separate 
local commissions. The chief activity of this body was the abolition of all remaining cesspools and 
the improvement of house drainage, with the result that the Thames became seriously polluted. 
The second Commission, appointed in 1849, considered large-scale measures to reduce this 
pollution; many plans were examined by them and by the series of Commissions which succeeded 
them during the following seven years. No agreement was reached and no action was taken, and the 
condition of the Thames continued to worsen. 

In 1856 the Metropolitan Board of Works, a body elected by the ratepayers, was established by 
Statute. The general duty of this Board was to superintend all large municipal construction works, 
and in particular to take charge of the main sewers and to construct a comprehensive system of 
main drainage, subject to the agreement of the Commissioners of Her Majesty’s Works and Public 
Buildings. In the year of its establishment the Board submitted three schemes, none of which was 
agreed, and at the end of the year D. Galton, J. Simpson, and T. E. Blackwell were appointed by 
the Commissioners as independent referees* to consider the whole matter. They collected a large 
amount of information, studied many schemes, and recommended a plan’ which was submitted to 
the Metropolitan Board of Works in October 1857. The Board, however, objected to this, and asked 
its engineer (J. W. Bazalgette) and two other civil engineers (G. P. Bidder and T. Hawksley) to 
consider the Referees’ report and the earlier reports of the Board. These gentlemen disagreed with 
the recommendations of the Referees, and themselves put forward a plan’. 

In 1858 the smell at Westminster became overpowering and its control was therefore of great 
personal interest to Members of Parliament. After a change of Government, an Act was passed 
relieving the Metropolitan Board of Works of the need to obtain Government sanction for works 
carried out, and the Board proceeded in the same year to implement the plan drawn up by Bidder, 
Hawksley, and Bazalgette. 


SCHEMES FOR DISPOSING OF LONDON’S SEWAGE 


During the long period in which discussions on London’s drainage were in progress, suggestions 
for improving conditions included such diverse proposals as that the sewage from each house 
should be collected in an iron tank which would be hermetically sealed and removed to the country 
for use as manure, that the chimneys of all the houses in London should be altered so that smoke 
would be led into the sewers to deodorize the sewage gases, that a canal should be dug from London 
to Portsmouth so that salt water would flow through London, and that the Thames should be 
covered over from Battersea to London Bridge. Very many of the schemes were based on the 
assumption that the sewage could be a source of profit if used as manure; in one case the proposer 
undertook to pay off the National Debt in 20 years if his plan were adopted. 

At the request of the 1857 Referees, Hofmann and Witt® undertook a chemical investigation of 
the agricultural value of London sewage and also studied its effect on the estuary. They determined 
the contents of nitrogen, phosphoric acid, potash, and organic matter in samples of sewage and 
estimated the agricultural value by comparing the figures obtained with those for farmyard manure; 
six-sevenths of the valuable materials were found to be in the dissolved formt. They then determined 
the values of samples of sludge obtained by treating sewage with charcoal, with a magnesium salt, 
with lime, and with a mixture of lime, aluminium sulphate, and charcoal. Although the values of 
the manures obtained by treatment with lime and with charcoal exceeded the values of the raw 
materials used in their preparation, it was not considered that treatment by either of these processes 
would be a commercial proposition when costs of transport and distribution were included. Hofmann 
and Witt thought that irrigation with liquid sewage would be the only method of utilization which 
would have a chance of commercial success. In their study of the effect on the river of the discharge 
of sewage, they determined suspended and dissolved mineral and organic matter in samples taken 
between Richmond and Rainham Creek, and found very little difference in the concentration of 
dissolved organic matter along the length of the estuary. They concluded that the offensive conditions 
were chiefly due to the deposits of black mud which had accumulated in the central reaches. ‘This 
conclusion does not appear to be entirely consistent with a later statement in their report that, even 
if all the settleable matter were removed from the sewage by chemical treatment, discharge of the 
remaining liquid into the Thames in the vicinity of London might very seriously affect the river. 


* Later referred to as the 1857 Referees. 


+ This apparently surprising result was due in part to the higher monetary values placed on the soluble constituents 
(ammonia, potash, and soluble phosphates) than on insoluble phosphate or organic matter. The ratio of the weight of 
suspended to dissolved material (about 1:3) was not very different from that recently found in domestic sewage from 
Stevenage’, if the very fine solids, removable only by filtration through a porous candle, are included in the dissolved 
fraction. 
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Letheby#4, who advised the Metropolitan Board of Works on the chemical aspects of the subject, 
did not agree that there would be any danger to health from the discharge of sewage effluent after 
treatment with lime, and strongly recommended this process. Medical statistics relating to people 
living or employed on the river and its banks seemed to show that there was no danger to health on 
the open river but that diseases of certain kinds were more prevalent among the waterside workers. 
From this, Letheby concluded that it was the exposure of putrefying mud which was dangerous 
and considered that the most effective means of protecting health and improving conditions would 
be embankment of the ‘Thames. 

The 1857 Referees considered that irrigation with liquid manure was impracticable because of 
the very large areas of land which would be required, and that the only practicable solution of the 
problem was to carry the sewage further downstream by intercepting sewers. This was generally 
agreed by most of the responsible officers concerned with the problem, but there were serious 
differences of opinion regarding the most suitable point of discharge. 


POSITION OF OUTFALLS 


Under the Metropolis Act of 1855, the Metropolitan Board of Works was charged with the 
duty of ‘preventing all or any part of the sewage within the Metropolis from flowing into the River 
Thames in or near the Metropolis.’ This was interpreted to mean that the outfalls had to be below 
the limits of the Metropolitan District and it was on these grounds that early proposals for discharge 
at Barking were not approved. 

In Fig. 57 are shown the principal points of discharge which were suggested and which received 
serious consideration’. The most ambitious scheme was that of M‘Clean and Stileman who proposed 
to pump sewage from the south side of the Thames, over Southwark Bridge to the northern sewers, 
and to construct a conduit to carry the sewage by gravity from West Ham to the coast and discharge 
it to the sea between the estuaries of the Crouch and Blackwater. Provision was also made for 
irrigating land along the course of the conduit and for reclaiming mud flats on the coast for agricultural 
use. This scheme did not deal with all the sewage from the south side of the river and thus the 
estimated cost was less than for discharging all the sewage at Erith. The 1857 Referees examined 
this proposal with care, but objected to it on two grounds. The first was based on the results of 
float experiments, made for them by Capt. Burstal, from which it was concluded that some of the 
sewage discharged at the proposed point would be carried up the River Crouch, where it would 
damage oyster fisheries, and that solids would be deposited along the coast south of the outfall and 
sO, it was thought, increase the occurrence of malaria. The second objection was that the proposed 
simplification of the intercepting sewers south of the river would lead to undesirable pollution of 
tributaries discharging to the Thames on that side. 

Discharges to Sea Reach on the north bank and to Lower Hope Reach on the south were 
recommended by the 1857 Referees’. They favoured these points because experiments had shown 
that floats introduced there at the beginning of an ebb tide were not carried far up the estuary with 
the following flood tide, and because the currents were thought to be sufficiently strong to prevent 
deposition of solid matter around the outfalls. Objections to this scheme were put forward by 
Letheby™ who carried out some chemical investigations for the Metropolitan Board of Works. He 
had determined the distribution of sulphate in the water along the estuary and considered that the 
high values in Sea Reach made the discharge of sewage there undesirable. He stated that ‘experience 
has shown that whenever putrefying organic matter comes into contact with soluble sulphates it 
decomposes them and causes the evolution of sulphuretted hydrogen.’ At that time it was firmly 
believed that the resulting smell was a direct cause of fever, and Letheby considered that there 
would be ‘great danger if the sewage of London were conveyed to a point low down in the River 
and adjacent to a populous district.’ This early recognition of the relation between sewage, sulphate, 
and hydrogen sulphide is interesting, even though it was not realized that reduction of sulphate 
occurred only under anaerobic conditions (see pp. 259-261). 

Points of discharge originally proposed by the Board’s Engineer were at Rainham Creek on the 
north bank and about one mile above Erith on the south; these were referred to in the reports of 
the time as B* (Fig. 57). However, in the final scheme drawn up by Bidder, Hawksley, and 
Bazalgette’, points higher upstream were preferred, and these were the points finally selected for 
what are now the Northern and Southern Outfall Works of the L.C.C. There were several reasons 
for this choice. It was considered desirable to discharge the sewage to’ water as fresh as possible 
because it was thought that oxygenation proceeded rapidly in fresh water but that foul smells were 
produced when sewage was mixed with sea water. A disadvantage of carrying the sewers further 
seaward was that the necessary fall in level would soon bring them to a point at which they could 
not discharge by gravity at any state of the tide. The points chosen were further from inhabited 
areas than B*, or indeed than anywhere upstream of Gravesend, and since the river contained 
fewer mud banks than at B* it was thought that deposition of sludge near the outfalls was less 
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likely. The question of cost was also important; it was estimated that the additional cost of carrying 
the sewers to B* would be £350 000 and to Sea Reach, £2 950 000. Further arguments in favour 
of discharge at Barking were that use of the sewage on land at this point would be possible and that 
extensions of the sewers to Sea Reach could be provided later if necessary. The condition of the water 
of the estuary that might have existed in recent years, had the outfalls been sited in Sea Reach, is 
examined on pp. 518-519. 
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Fic. 57. Sketch map showing some proposed points of discharge of sewage to Thames Estuary 
and North Sea 


A, Metropolitan Board of Works, June 1856 N, Northern Outfall 

B, Metropolitan Board of Works, November 1856 S, Southern Outfall 

B*, Metropolitan Board of Works, December 1856 X, M‘Clean and Stileman, 1849 
C, Bazalgette and Haywood, 1854 Y, 1857 referees 

F, Forster, 1850 Z, Napier and Hope, 1860 


Dotted line, boundary of Metropolitan District 
Figures show distances in miles below London Bridge 


CONSTRUCTION OF SEWERS AND OUTFALLS 


As already mentioned (p. 95) works for reducing pollution in central London were begun 
in 1858 with the construction of intercepting sewers to carry the sewage to Barking on the north 
and to Crossness on the south side of the estuary. No treatment was provided, but the sewage was 
stored in large reservoirs and discharged only during the first few hours of the ebb tide. Bazalgette 
claimed that discharging in this way was equivalent to carrying the sewers a further 12 miles 
downstream??; from the results of the present survey it seems improbable that the equivalent 
distance would be more than three or four miles (see p. 556). . 

The sewers on the north were designed to carry a dry-weather flow of 72 m.g.d. from an estimated 
future population of 2:3 million and those on the south 36 m.g.d. from a population of 1-15 million. 
In addition, provision was made for a rain-water flow amounting to 178 m.g.d. from the northern 
and 108 m.g.d. from the southern drainage areas. The old sewers which discharged to the Thames 
were retained to provide storm overflows. 

Some sewage was discharged through temporary works at Crossness in 1863; both the Northern 
and Southern Outfalls were completed and in use in 1864, by which time it was estimated that 
nearly one-third of the sewage had been diverted. The new drainage system was formally opened 
by the Prince of Wales in 1865, but the whole scheme, including construction of embankments to 
reduce exposure of mud banks, was not completed until 1875. 
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PERIOD OF DISCHARGE OF CRUDE SEWAGE THROUGH OUTFALLS 


ATTEMPTS: TO UTILIZE SEWAGE 


The start of construction of the outfalls did not mean that all ideas of profitable utilization of 
the sewage had been abandoned, and in 1860 the Metropolitan Board of Works invited tenders for 
taking London’s sewage. Several replies were received, mostly proposing to apply the liquid to land, 
but one gentleman suggested preparing a solid fertilizer by chemical treatment and discharging 
the liquid to the Thames. The Board, however, accepted none of the tenders as the general subject 
of the utilization of sewage was under discussion by Parliament. In 1864 a Select Committee of the 
House of Commons?® reported that ‘it is not only possible to utilize the sewage of towns, by con- 
veying it, in a liquid state, through mains and pipes to the country, but that such an undertaking 
may be made to result in pecuniary benefit to the ratepayers of the towns whose sewage is thus 
utilized’. Largely as a result of this report the Metropolitan Board of Works decided to accept a 
scheme put forward by Napier and Hope for taking all the sewage from the north side of the 
Thames!*, This proposal involved construction of a conduit, 40-50 miles long, to carry the sewage 
to the Maplin Sands on the Essex coast (Fig. 57) where it would be used for reclaiming land; a 
branch conduit would be taken to the coast north of the River Crouch close to the outfall proposed 
earlier by M‘Clean and Stileman. Sewage would also be supplied for irrigating land along the line 
of the conduit. To raise the necessary capital the Metropolitan Sewage and Essex Reclamation 
Company was formed by Act of Parliament, and to demonstrate the feasibility of their scheme a 
model sewage farm was laid out near the Northern Outfall sewer at Barking; the results obtained 
were reported as satisfactory. Work on the main conduit was begun in 1865, but little progress was 
made and the project was abandoned after proposals by the Company for modifications to their 
plan had been rejected by Parliament. 

In 1872 experimental works were constructed by the Native Guano Company at Crossness. A. 
solid manure was prepared, no nuisance was caused, and the effluent was reported to be of good 
quality. However, there did not appear to be ‘any hope of profit to the ratepayers’ and for this 
reason the process was not adopted. 


THE BARKING ENQUIRY 


It was not long before complaints were received of pollution in the vicinity of the new outfalls. 
In May 1868 the Vicar and other inhabitants of Barking addressed a Memorial to the Home 
Office! in which it was stated that the condition of the estuary was ‘dangerous alike to navigation 
and to the health of the inhabitants of the parish of Barking and of all the populous and industrial 
towns below London’. The specific complaints were that a bank of mud—on which a vessel had been 
stranded—had been formed in the Thames, that undiluted sewage was being swept up into Barking 
Creek which had silted up to an extent which interfered with navigation, that deposits of foul mud 
had been formed on the foreshore, and that fish were no longer found in the creek or its 
neighbourhood. 

In 1869 an enquiry into these allegations was held by Mr. (later Sir) Robert Rawlinson?®. In 
giving evidence, the Metropolitan Board of Works strongly denied that sewage from the outfalls 
could be carried up Barking Creek and stated that pollution from Barking itself, or from a paper 
mill on the River Roding (which enters the head of the creek), must have been responsible for any 
deterioration in the quality of the water there. Many witnesses confirmed that fish were no longer 
able to exist in the Thames near Barking. As a result of the enquiry it was judged that the allegations 
in the Memorial had been only partially proven. Rawlinson considered that it had not been ~ 
established that the discharges from the outfalls were causing deterioration of health or had reduced 
the depth of the main channel in the Thames. The causes of death of fish and deposition of mud on 
the shores had not been ascertained. He pointed out, however, that in 1864 the Metropolitan Board 
of Works had addressed a letter to the Prime Minister (Lord Palmerston) objecting to the discharge 
of sewage into the Thames from towns above London, and that this inferentially justified those who 
objected to pollution below London. He therefore considered that it was the duty of the Board of 
Works to purify the Thames even if it required the levy of a rate for the purpose. 


THAMES MUD BANK ENQUIRY 


The Thames Conservancy, whose area of jurisdiction at that time included the estuary as well 
as the upper river, thought that the discharge of sewage from the outfalls might interfere with 
navigation in the estuary and, immediately after the Barking enquiry, attempted to get legislation 
passed which would prevent the Board of Works discharging untreated sewage to the estuary. This 
was opposed by the Board of Works, and the Thames Navigation Act of 1870 was a compromise. 
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It contained a clause stipulating that ‘the Metropolitan Board of Works shall, at their own expense, 
keep the Thames free from such banks or other obstructions to the navigation thereof as may have 
arisen or may arise from the flow of sewage from their outfalls for the time being into the river.’ 

During the following decade a prolonged argument developed between the two bodies about the 
extent and causes of mud banks in the estuary. In 1877 Capt. E. K. Calver, on behalf of the Thames 
Conservators, prepared a lengthy report!® in which he considered the effects of the discharges 
on the condition of the water, as well as on the formation of mud banks. He analysed records of the 
capacity of the channel at low water over the stretch of the estuary to which the outfalls discharged, 
and concluded that the capacity of the channel to the south of the estuary had been reduced by a 
quarter and that mud deposits had developed in three bays in the stretch concerned. He also stated 
that, because the flood tide had greater carrying power than the ebb, mud deposits—shown by 
determination of their organic content to resemble sewage solids—had been formed in the central 
London reaches from sewage brought up from the outfalls. He considered that the condition of the 
river was as bad as before construction of the outfalls, saying that ‘the only difference now is that 
the nuisance which was formerly brought down to London by the ebb, is now carried up to London 
by the flood.’ ‘The conclusions of the report were that the discharge from the outfalls was responsible 
for increased deposition in the estuary and that the Board of Works should be called upon to dredge 
away the banks which interfered with navigation. 

All liability was strenuously denied by the Metropolitan Board of Works who claimed” that no 
new deposits had formed in the channel of the Thames, that the condition of both the water and 
mud of the Thames was improving, that there was no resemblance between sewage mud and 
Thames mud, that sewage did not work its way up the estuary, and that the mud deposits which 
did form were caused by matter eroded from the banks. 

After further exchanges three arbitrators were appointed—an independent umpire and repre- 
sentatives of the Board of Works and of the Thames Conservators'’. The investigation was confined 
to the causes of formation of three particular banks in Barking and Halfway Reaches, pollution as a 
sanitary question not being considered. Between November 1879 and March 1880, evidence from 
many people was taken concerning the state of the shores and bed of the two reaches before and 
after construction of the outfalls, the state of the channel for purposes of navigation, the amount 
of dredging carried out, the advance or retrogression of the three mud banks over the years, the 
direction and velocity of the flood and ebb tides in the reaches concerned, the volume of tidal 
and upland waters passing the outfalls, and the sources of the matter in suspension passing the 
outfalls. 

The conclusion was that formation of the banks was not the direct result of the discharge of 
sewage from the outfalls, but that dredging in the northern channel had led to deposition of mud 
in the southern part of the estuary. The banks were formed from matter suspended in the water, 
but the proportion of this contributed by the sewage was small compared with the amounts brought 
in from the Upper Thames, the tributaries, and the sea, and derived from erosion of the bed and 
banks of the estuary. 


ROYAL COMMISSION ON METROPOLITAN SEWAGE DISCHARGE 


At about this time there were many complaints of nuisance from those who lived or worked on 
or near the Thames Estuary in the neighbourhood of the outfalls. In September 1878 the steamship 
Princess Alice was sunk near Barking with heavy loss of life, and it was alleged that the death roll 
had been increased by the polluting matter in the water. 

In 1882 a Royal Commission, under the chairmanship of Lord Bramwell, was appointed to 
‘inquire into and report upon the system under which sewage is discharged into the Thames by the 
Metropolitan Board of Works, whether any evil effects result therefrom, and in that case what 
measures can be applied for remedying or preventing the same.’ ‘he Commissioners listened to a 
very great deal of verbal evidence (nearly 20 000 questions and answers are printed in the Minutes), 
studied many relevant documents, and themselves inspected the river to determine conditions at 
first hand. In their first report, published in January 1884, the Commissioners summarized the 
evidence concerning the effects of the discharges on the estuary. This is divided into two classes, 
‘popular’ to which the Commissioners apparently gave greater weight, and ‘scientific’, which is of 
greater relevance to the present Report. 

The popular evidence consisted of statements from pilots, police officers, and others, alleging 
that the water and mud gave off foul odours which caused headaches and nausea, that the mud 
was black and sticky, that bubbles of foul-smelling gas were given off, that fish had disappeared 
from parts of the estuary where they were formerly plentiful, and that it was no longer possible to 
bring fish up to London in live-wells of boats, as they died while passing through the polluted 
reaches. 

The scientific evidence was arranged under various headings which will be considered separately. 
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‘The foul state of the water in the river near the main outfalls’ 


The criteria used for assessing the amount of organic pollution in the estuary water included the 
concentrations of suspended solids and albuminoid ammonia, the permanganate value, the loss on 
ignition of the solids, the nitrogen/carbon ratio, and the concentration of dissolved oxygen. ‘The 
scientific witnesses did not agree in their interpretation of the results of the analyses (made by 
various people) but the Commissioners concluded that on the whole the pollution increased as the 
outfalls were approached both from Teddington and from the sea. 

The figures given for concentration of oxygen, of which the reliability is discussed on p. 105, 
show definite evidence of a ‘sag curve’ (p. 104). On two days in August and September 1882 the 
concentration opposite the outfalls was only 20 per cent of that at Teddington; opposite Southend 
it had increased to 96 per cent—the difference from that at Teddington being explained by the 
lower solubility of oxygen in sea water. Several witnesses realized the importance of dissolved oxygen 
in breaking down the organic matter discharged in the sewage, and considered that it was lack of 
oxygen in the estuary which was responsible for the disappearance of fish. A point of interest is 
that one witness (A. Voelcker) stated that nitrate was always present even in the most polluted parts 
of the river, though none was found in the sewage in the reservoirs. 


‘Deposit and accumulation of foul mud near the outfalls’ 


In addition to evidence on the extent of mud banks, some witnesses reported that remains of 
animal and vegetable matter typical of those present in sewage could be recognized by microscopic 
examination of the mud. Other workers claimed that the mud near the outfalls did not differ from 
that found in other parts of the estuary. 


‘Distribution of the sewage in the river by the various motions of the water’ 


Evidence about the extent to which sewage was carried upstream from the outfalls was of two 
kinds—interpretation of the movement of floats placed in the estuary off the outfalls, and calculations 
from the content of chloride which indicated the proportion of sea water at various points. It was 
recognized that if sea water could travel up the estuary by mixing, then it could transport sewage 
discharged into it on its way up. Calculations by Latham showed the presence of sea water as far 
up the estuary as Chiswick. From the concentration of chloride and the flow of fresh water into 
the upper part of the estuary he also calculated the time taken for a mixture of sewage and fresh 
water to travel through the estuary to the sea. Other calculations bearing on this matter were those 
of Frankland who observed the rate of oxidation of the constituents of sewage in bottles and then 
calculated the time required to destroy the sewage in the estuary; it was, however, pointed out by 
other witnesses that there was not enough oxygen in the bottles to oxidize all the organic matter. 


Conclusions in first report of the Commissioners 


The general conclusions of the Commissioners concerning the ‘evil effects’ of the discharge of 
sewage were: that it did not appear to have had any seriously prejudicial effect on health, but that 
in hot dry weather it caused serious nuisance and inconvenience; that fish had disappeared for a 
distance of some 15 miles below the outfalls and for a considerable distance above them; that there 
was some evidence of wells in the neighbourhood of the Thames being affected by the water in the 
river; that there was no evidence of any evil results to navigation by deposits from the sewage, but 
that the discharge did increase the quantity of detritus in the river; and that the evils and dangers 
were likely to increase as the population increased. 


Second report of the Commissioners 


In their second report!* the Commissioners were mainly concerned with considering the best 
means for remedying the conditions on which they had previously reported. They studied in some 
detail the various methods then known for treating or disposing of sewage, including broad irrigation, 
filtration through land, chemical precipitation, and precipitation supplemented by application to 
land; they also considered each of these methods in relation to the particular problem of disposing 
of London’s sewage. The possibility of moving the outfalls further downstream or to the sea was 
also discussed. 

The final conclusions reached were that it was neither necessary nor justifiable to discharge 
crude sewage to the Thames, and that as an immediate measure some process of precipitation should 
be used to separate the solids from the sewage at the existing outfalls, the liquid then being 
discharged during the ebb tide and the sludge burned, applied to land, or dumped at sea. They did 
not consider, however, that the discharge of settled sewage through the existing outfalls would be 
sufficient as a permanent measure, and they recommended that the effuent should be applied to 
land, intermittent filtration being preferred to broad irrigation. If sufficient land for this purpose 
could not be found neat the outfalls the settled sewage should be discharged further down river. 
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PERIOD OF CHEMICAL TREATMENT OF SEWAGE AT OUTFALLS 


INSTALLATION OF PRECIPITATION WORKS 


In 1884 W. J. Dibdin began experiments for the Metropolitan Board of Works, first at the 
Western Pumping Station at Pimlico and later at the Southern Outfall, to determine the most 
suitable process of chemical treatment!®. In 1885 it was decided that treatment with lime and ferrous 
sulphate (then called protosulphate of iron) would be satisfactory. The precipitation works at the 
Northern Outfall were begun in 1887 and completed in 1889, and those at the Southern Outfall 
were started in 1388 and finished in 1891; the method of operation of the works was described on 
pp. 64 and 72. By 1891 the Metropolitan Board of Works had ceased to exist and responsibility 
for the disposal of sewage had been taken over by the newly constituted London County Council. 
Since the construction of the outfalls, the population of the County of London had risen from about 
3 million to over 4 million. 


TREATMENT OF SEWAGE BY BLEACHING POWDER AND 
PERMANGANATE 


During the summers of 1884 to 1887, while the precipitation works were under consideration, 
attempts were made to improve conditions by ‘deodorizing’ the sewage chemically, bleaching 
powder being used in 1884 and 1887 and sodium permanganate in the intervening years?°. The 
condition of the estuary was better in 1885 and 1886 than in the years when bleaching powder 
was used, and Dibdin?® considered that this proved the superiority of permanganate—but in the 
discussion of his paper it was suggested that climatic factors may have caused the difference. In the 
opinion of Sir Henry Roscoe*! (who acted as consultant on this work) although addition of bleaching 
powder did reduce the smell of the sewage it had little effect on the general condition of the river; 
a similar conclusion concerning the ineffectiveness of chlorination was reached as the result of 
experiments made in 1951 and 1952 by the L.C.C.?*. Roscoe emphasized the importance of oxygen 
in purifying sewage and suggested the possibility of aerating the sewage before it was discharged. 


EXPERIMENTS ON BIOLOGICAL TREATMENT OF SEWAGE 


Although the Royal Commission of 1884 had recommended that after chemical precipitation 
the sewage should be given biological treatment by land filtration, the Metropolitan Board of Works 
did not find it possible to acquire sufficient land for the purpose near Barking, and from their 
experiments on chemical treatment they decided that this alone would be adequate. 

The idea of biological treatment, however, was not abandoned, and from 1892 to about 1905 a 
considerable amount of experimental work was carried out by the L.C.C. at the Northern Outfall; 
this has recently been described by Regan?*. A coke-breeze filter, 1 acre in extent, and a series of 
smaller filters containing different types of medium were operated as contact beds—that is they were 
filled with settled sewage, allowed to stand full for 1 h, and then emptied. Dibdin?° was so satisfied 
with the results that in 1897 he declared that ‘The purification of the ‘Thames has been one of the 
most vexed questions for many years, but no difficulty of the kind need arise in future . . . as present- 
day knowledge is sufficient to deal with the subject to any desired extent.’ The results of the 
experiments were summarized by Clowes and Housion** who stated that the process removed 
50-80 per cent of the dissolved oxidizable and putrescible organic matter compared with 17 per 
cent removed by chemical treatment. The effect of the treatment on the bacterial content of the 
effluent was also examined, and it was found that, although the numbers of bacteria were not 
reduced by the process and were sometimes increased, the bacterial quality of the effluent was 
better than that from chemical treatment. The L.C.C. made no direct use of these experiments 
although at the end of the century a plan for the installation of large-scale contact beds at the 
Northern Outfali was prepared; this however was not proceeded with?®. 


CONDITION OF ESTUARY AFTER CHEMICAL 
TREATMENT WAS BEGUN 


Installation of the precipitation works did not immediately restore the estuary to an inoffensive 
state. In 1891 Sir Benjamin Baker and Sir Alexander Binnie reported?’ to the L.C.C. that ‘under 
average conditions there is little to reasonably complain of in the state of the river, but . . . at 
certain times, such as during dry summer weather and in particular places, the stream is still apt to 
become very discoloured, and occasionally to emit offensive odours.’ They noted, however, ‘a 
marked improvement in the cleanliness of the foreshore in the immediate neighbourhood of the 
Barking outfall.’ 


102 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


At that time considerable pollution above the outfalls was caused by discharge of storm sewage 
because the intercepting sewers were not large enough, and the immediate construction of additional 
intercepting sewers was recommended. Baker and Binnie considered that the discharge of treated 
sewage at Barking and Crossness should be satisfactory for the time being, but thought that when the 
population had further increased it would be necessary to carry some of the sewage farther down 
the estuary, preferably to Sea Reach. They also considered that if discharge to the sea proved 
necessary it would be most satisfactory (as suggested in 1890 by Hassard and Tyrrel?®) to carry the 
sewage to the English Channel at Dungeness Point where the water was deep near the shore and 
currents would ensure rapid dispersal. 

Although some improvements were made, the capacity of the sewers was not immediately 
increased, and in 1899 Binnie strongly urged?’ the need for new intercepting sewers. Work on them 
was begun in 1901 and as a result the discharge through storm overflows was greatly reduced. It 
appears from this report that the general condition of the estuary had improved since the earlier 
report for it was stated that ‘the river is wonderfully different from what it was in 1890 and 1891’ 
and that ‘the effect produced upon the river [by introduction of chemical treatment] has certainly 
been marvellous and has far exceeded . . . anticipation.’ ‘The changes in dissolved oxygen around this 
time are examined on pp. 161-162. 

During the last decade of the nineteenth century, fish began to return to parts of the estuary 
from which they had long been absent. In 1897, in discussing Dibdin’s paper?®, Wolfe Barry said 
that he could ‘speak from observation of the increase in fish-life in the lower Thames’, and in 1902 
Cornish? reported that the return of fish had been going on steadily since 1890, and that their 
advance had covered a distance of some 20 miles. Whitebait reappeared at Gravesend in 1892, and 
three years later occurred at Greenwich. In 1895 plentiful supplies of whitebait reached the London 
markets, and flounders were caught near Chiswick Eyot for the first time for 12 years. In 1900 
smelts passed right up the river to Teddington. Simultaneously with the passage of salt-water fish 
up the estuary, fresh-water fish began to move downstream. Large shoals of dace, bleak, and roach 
appeared in all reaches above Putney after 1890, whereas a few years earlier hardly any had been 
seen below Kew during the summer. Roach and dace appeared even as far downstream as West- 
minster. From 1861 until at\least the end of the century, repeated attempts were made to re-establish 
a salmon fishery by releasing salmon fry in the upper reaches of both the Thames and the Lee?®. No 
success was achieved, though adult salmon caught occasionally in the most seaward reaches of the 
estuary may have been derived from these fry. 

This appears to be an appropriate point to conclude the early history of pollution of the Thames 
—subsequent changes are considered in other chapters. It is, however, important to draw attention 
to a survey of the condition of the water from ‘Teddington to the Nore carried out between July 
1893 and March 1894 by Dibdin?®, then Chemist to the L.C.C., and which may be regarded as 
the beginning of the modern work on pollution of the estuary. 

During this investigation 6400 samples of water were collected and analysed for permanganate 
value and for contents of chloride, dissolved oxygen (discussed on pp. 105-106), suspended solids, 
and organic matter in suspension, and the results were related to the flow at Teddington and to 
the tidal range at London Bridge. The outstanding innovation was experimental work on the 
capacity of the water to absorb oxygen. Samples of the estuary water were boiled to remove air, 
cooled, and then exposed to the atmosphere for varying periods of time between 1 h and 96 h 
before the amount of oxygen taken up was determined. A graph showing the rate of uptake of 
oxygen by water containing different amounts of oxygen was then prepared. From this graph and 
from the results of determinations of dissolved oxygen in the estuary water, the amount of oxygen 
which would be absorbed daily by various reaches of the estuary was estimated. It was realized 
that conditions in the estuary (including agitation by wind and traffic, and the ratio of surface area 
to depth) were different from those in the experiment, but it was thought that the experimental 
values could not exceed those which would occur in the estuary. 

As a result of his survey, Dibdin concluded that the flow at Teddington should be at least 
500 m.g.d. to prevent polluted water travelling up the estuary with the tide, that the London 
effluent contributed only about 10 per cent of the dissolved oxidizable matter in the most polluted 
part of the estuary, and that a large part of the pollution was due to organic suspended matter. The 
report concludes as follows: 


The important fact brought out by these investigations as to the large part played by the 
suspended solid matters in absorbing oxygen in the water is most striking, and directly 
points to the necessity for keeping the suspended matters in all effluents as low as possible. 
To the success of the efforts . . . to effect this object must be attributed the present satisfactory 
improvement in the condition of the river. 
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CHAPTER 6 


Distribution of Dissolved Oxygen, 
1882-1962 


The account of the early history of pollution given in the previous chapter was, of necessity, largely 
qualitative. Regular sampling of the water of the estuary was begun in 1885 by the Metropolitan 
Board of Works, although the first surveys covering a large part of the estuary were made three 
years earlier. Techniques used in sampling and analysis have changed greatly in the past 80 years 
and it is now impossible to assess the accuracy of the earlier work; nevertheless, even the earliest 
records are of some value in examining the effects of pollution in the past. 

In the present chapter, records for the dissolved-oxygen content of the water of the estuary are 
examined. Other analytical records were also available, but it was thought that the oxygen content 
of the water was the most satisfactory single indicator of the condition of the estuary. Under 
anaerobic conditions the sulphide content is the most suitable measure of the state of the water, and 
this property is also discussed. At the time when most of this examination of records was made 
(1951-53), the importance of compounds containing oxidized nitrogen was not fully realized, nor 
was it understood that reduction of nitrate could occur in the presence of significant concentrations 
of dissolved oxygen. Consequently, too much emphasis may have been placed on the oxygen in 
solution. It is also unfortunate that the records for oxidized nitrogen compounds are not as complete, 
and the methods for their determination not as reliable, as are those for dissolved oxygen. 

The extensive chemical records of the London County Council were examined in considerable 
detail. The oxygen data for periods of three months were averaged, and the results were plotted 
against position in the estuary to produce the distributions which are commonly called oxygen sag 
curves. Statistical methods were then used in determining the relations between dissolved oxygen 
content and the factors (such as fresh-water flow, temperature, and season) which could be expected 
to affect it. The results of this statistical analysis made it possible to eliminate, to a large extent, 
the effects of these factors and so to study the long-term changes in condition of the water. 


PRODUCTION OF OXYGEN SAG CURVES 


SOURCES OF DATA 


In 1885 the Metropolitan Board of Works introduced a programme for the regular examination 
of the estuary water off the Northern and Southern Sewage Outfalls, the sampling points being 
11-4 and 13-6 miles below London Bridge respectively. This programme was continued by the 
L.C.C. which took over the functions of the Board in 1889. The samples are taken in midstream 
at a depth of 6 ft. None are taken on public holidays, on Sundays, or (since February 1959) on 
Saturdays, nor when fog or gales make it unsafe to take a small boat into the middle of the estuary; 
otherwise sampling is carried out daily at high and low water. For some twenty years until 1959— 
when the rowing boats previously used were replaced by a launch—it was often impracticable to 
take out the boat from Southern Outfall at low water owing to silting of the channel; on such 
occasions the samples were taken some time after low water, the number of minutes late being 
recorded. 

By 1900, in addition to the examination of water off the sewage outfalls, regular surveys of the 
central reaches were being made by the L.C.C. Asa rule, the vessel used in the surveys started from 
Charing Cross Pier (1-5 miles above*) around 10 o’clock each Tuesday morning, samples being taken 
at about six stations downstream to Southern Outfall (13-6 miles below), and then at three further 
stations upstream to Greenwich (4-8 miles below); the sampling was therefore carried out regardless 
of the state of tide. 

From 1912 to 1921 the whole estuary from Richmond (15-5 miles above) to beyond Southend 
was examined regularly and samples were also taken immediately above Teddington Weir, but in 
the latter year sampling upstream of Waterloo Bridge (1-3 miles above) was discontinued. In 
1928 the most landward sampling point was off Cherry Garden Pier (1-2 miles below), and there 
were several further changes until 1932 when the surveys again extended as far upstream as Kew 
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(13-0 miles above). In the autumn of 1943 sampling at Teddington was resumed*, and from that 
time samples at most of the stations have been taken once a week—alternately near high and low 
water. 

On 29th October 1940, the L.C.C. sludge vessel G. H. Humphreys was sunk near the East Oaze 
Buoy by a mine; thereafter, no samples were taken downstream of Mucking (32-0 miles below) 
until the full sampling programme was resumed in October 1945. 

Since May 1959, sampling downstream from Chapman Light (38-7 miles below) has been 
restricted to once monthly, but additional sampling has been carried out between Northern Outfall 
and Mucking. 

In addition to the results of the regular sampling programme of the L.C.C., those of three 
special surveys have also been used in the work described in the present chapter. The two earliest 
surveys, made in 1882, provide the data for what may well be the earliest sag curve for any river 
or estuary in the world. The third survey extended from Teddington to the Nore and occupied 
from July 1893 to March 1894, during which time 6400 samples were collected and analysed. 


METHODS OF SAMPLING AND ANALYSIS 


| The methods of sampling and analysis used for dissolved oxygen in the early surveys are not 

known with certainty. It is probable that before about 1900 the importance of avoiding aeration 
during sampling, of completely filling the sample bottles, and of reducing to a minimum the delay 
between sampling and analysis, was not fully realized. Some of the earlier samples are known to 
have been taken by holding a bottle about 1 ft below the surface and allowing it to fill; experiments at 
the Laboratory indicate that this method leads to an over-assessment of the oxygen concentration 
by an amount which is roughly 5 per cent of the difference between the value determined and the 
saturation concentration. If a sample bottle is not completely filled, some absorption of oxygen 
from the air in the bottle is to be expected before the analysis is made. Other changes that may 
occur if there is a substantial delay between sampling and analysis are the loss of dissolved oxygen 
during oxidation, and its gain by the release of oxygen during photosynthesis if the bottle is exposed 
to daylight. 

Fairly detailed information about chemical methods in use at the time of the first survey were 
given by Dr. C. M. Tidy in evidence! before the Royal Commission on Metropolitan Sewage 
Discharge in 1883. He stated (in reply to Question No. 9857) that he had been using Schiitzenberger’s 
method? for two years before February 1883. This method is a direct titration of dissolved oxygen 
with sodium hydrosulphite, using as indicator a blue dye which is decolorized when all the oxygen 
is reduced. Air must be excluded by a layer of oil or by working under an inert gas. Later, Tidy 
said that he had made 4000 to 5000 determinations by the Schtitzenberger method during a period 
of 24 years, and that he had checked about every twelfth result gasometrically. He stated that the 
method previously used (Question 10 199) consisted in boiling the water and collecting the gas in a 
Cooper’s tube (a simple bent tube); a piece of potassium hydroxide was then added to absorb the 
carbon dioxide present, and the volume of gas absorbed by pyrogallol was measured. The gasometric 
method used in checking the Schiitzenberger determinations was a refinement of this. 

Column headings in a laboratory notebook of the Metropolitan Board of Works indicate that 
the Schiitzenberger method was being used on samples of ‘Thames water in July 1883; the agreement 
between duplicate titrations, made on board the vessel, was generally within 0-1 ml. It seems very 
likely that it was the Schiitzenberger method which was used in obtaining the data of the earliest 
surveys of the estuary. 

On the experimental work in his survey of 1893-94, W. J. Dibdin (Chemist to the L.C.C.) 
wrote® that the degree of aeration 


was obtained by measuring the dissolved oxygen contained in each of the samples taken, and 
calculating it as a percentage of the amount which water at that temperature could dissolve. 
The method adopted for this purpose was the actual measurement of the gases obtained by 
boiling the water in vacuo, in an apparatus specially designed by myself for this work. The 
whole of the dissolved gases pumped out by these means were transferred to a eudiometer, 
and the oxygen measured in the usual way by explosion. By the use of this method all the 
sources of error due to the impurities in the water, etc., were eliminated, and the quantities 
found may be taken as practically absolute. 


From this description it would appear that in this particular survey an appreciable time must 
have elapsed between sampling and analysis; no mention is made of any sterilization of the samples, 
or of how they were transported—whether in the light or dark, and whether in full or partly filled 
bottles. It is not clear whether any account was taken of the variation of solubility with salinity, 
or whether the percentage saturation was calculated in terms of the solubility in fresh water. 


* From the beginning of 1962 the L.C.C. has accepted the results of analyses of samples taken by the Thames 
Conservancy (p. 28). 
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It would appear that the Winkler method* of determining dissolved oxygen came into use at 
the L.C.C. about the time of Dibdin’s retirement in 1897. Four years later, in discussing a paper® 
by Rideal and Stewart—on a modification of the Winkler method—Dibdin said that he used 
gasometric methods for all determinations where accuracy was of importance. From the arithmetical 
calculations at the back of the notebooks in which the results of the analyses were recorded by the 
L.C.C. it is evident that even as late as 1910 no account was taken of the effect of salinity on the 
solubility of oxygen; however the error involved is not as great as it would have been if samples 
had been taken in the lower reaches of the estuary where the salinity is greater. 

By 1915 both the temperature and salinity of each sample were taken into account, the solubility 
was calculated from the results of work by Fox®, and the Winkler technique was being used. Since 
1915 the only changes have been the introduction of the modification (originally proposed by 
Alsterberg’) in which sodium azide is added to eliminate interference by nitrite, and the replacement, 
in 1955, of Fox’s solubility formula by that of Truesdale, Downing, and Lowden (see p. 349). 


METHODS OF AVERAGING 


The data thus obtained for the degree of oxygenation of the estuary were in the form of results 
of analyses of individual samples taken at various positions in the estuary and at all states of tide. 
This distribution of oxygen in the estuary is not the same at high water as at low water—see, for 
instance, Fig. 6(c) (p. 8)—and so it is necessary to reduce all the data to a common basis. The 
method adopted was to adjust the positions at which the samples were taken to the positions the 
same bodies of water would have occupied at half-tide; this method was explained in detail on 

p. 6-8. 

: The L.C.C. surveys never cover the whole estuary in a single day, so it is necessary to take 
average values over a period if complete oxygen profiles, or sag curves, are to be produced. The 
choice of a suitable period over which to average is a matter of some difficulty. As one of the chief 
reasons for producing the curves was to examine the relations between the oxygen content and factors 
such as temperature and fresh-water flow, it is better to use average values over at least a few 
weeks, since changes in temperature and flow cannot be expected to bring the oxygen content 
immediately to a new equilibrium value. Also, at some points in the estuary, samples are taken only 
twice a fortnight, once around high water and once near low water, so that even monthly averages 
cannot be expected to be truly representative of average conditions during the month. On the 
other hand, if a long-period average is calculated, and if the relation between flow and oxygen content 
is non-linear, then the average oxygen content during the period will depend on the distribution of 
flows within the period as well as on the average value of the flow (see pp. 485-487). Another 
difficulty arises from the tidal variations: as mentioned above, the oxygen figures are plotted 
against the equivalent half-tide positions which have been calculated only for an average tide; 
the limitations of this adjustment to half-tide conditions were discussed on pp. 8-9. 

From various considerations, such as those just mentioned, it was decided that a three-monthly 
period should be used for averaging. This has the advantages that the mean values ought to be fairly 
reliable, and that the tidal effects are, to a large extent, eliminated. Nevertheless, these quarterly 
averages have their disadvantages: the variations in oxygen content occurring in a period of three 
months are often very great, and when much of the estuary is anaerobic for most of the year, 
quarterly averages can be misleading. 

Throughout this work, where quarterly averages are used they are for the four quarters of the 
calendar year: January to March, April to June, July to September, and October to December. 
One quarter has been selected at random, and the methods employed in the production of the sag 
curve for this quarter—the first of 1922—will now be considered in detail. 

All the available readings for the quarter were sorted initially according to the sampling station, 
and then according to the tidal state which was classified as ‘high water’, ‘mid-water’, or ‘low water’. 
This classification was made by taking the table of the half-tide adjustment for each sampling 
station and dividing the range of positions into three equal groups. Thus, the sampling point at 
Greenwich lies 4-8 miles below London Bridge: the water at this point at the slack water which 
follows low water of an average tide has an equivalent half-tide position of 0-2 mile below London 
Bridge; for the slack water following high water the equivalent half-tide position is 8-7 miles 
below London Bridge. The three groups were then: low water, with half-tide positions from 0-2 
to 3-0 miles below London Bridge (this period extended from 8 h 11 min to 3 h 42 min before 
local high water); mid-water, with half-tide positions from 3-0 to 5-9 miles below London Bridge 
(3 h 41 min to 2 h 1 min before, and 2 h 34 min to 4 h 13 min after high water); and high water, 
from 5-9 to 8-7 miles below London Bridge (2 h 0 min before to 2 h 33 min after high water). 

In Table 50 are shown the figures relating to the samples taken at Greenwich during the first 
quarter of 1922 and falling;within the mid-water range. In Column 2, the time at which each sample 
was taken is shown. From tide tables and the knowledge that under average tidal conditions high 


DISSOLVED OXYGEN, 1882-1962 107 


water occurs 12 min earlier at Greenwich than at London Bridge (Fig. 4, p. 6), the time of 
sampling relative to local high water (Column 3) was found; from this, and from the tables of the 
half-tide positions for Greenwich, the equivalent half-tide distance from London Bridge was 


obtained (Column 4). In the remaining two columns the temperature and oxygen content of each 
sample are shown. 


Table 50. Samples of estuary water taken at Greenwich during 
first quarter of 1922 and falling in mid-water range 














1 2 3 4+ 5 6 
Equivalent 
Time after (A) | half-tide Dissolved 
) Time of | or before (B) | position ones ee 
sampling high water (miles below a re (per cent 
(h min) London (CC) saturation) 
Bridge) 

Jan. 17 1 p.m. 373508 3-2 5°5 3+4 
ot 9 a.m. 203 B 5-9 4-0 34:5 
en el 1 p.m. 304 B 4-1 7-0 51-0 

Feb. 7 11 a.m. 238 A 5°7 5:5 49-0 
aT Noon 3 38 A 4-0 5°5 54:0 
» 14 Noon 336008 322 3-0 45-7 
3, 14 1 p.m. 2368B 4-9 3°5 39°4 
“eal 2 p.m. 218 B 5:4 7-0 38°5 
eels 10 a.m. 8 29 B 3°5 7:0 16-4 
we 2 Noon 3 00 A Sih 6:0 35:1 
oy All 1 p.m. 825 B 3°4 6-0 40-2 
ay 248 Noon 309 B 3-9 9-0 56:2 
ees 12.20 p.m. 249 B 4-6 9:5 61:6 
2S 1 p.m. 209 B St 7) 9-0 53-9 

Mar. 1 12.30 p.m. 305 B 4-4 11-0 57:0 
af 10 a.m. 314A 4-7 9-0 67°3 
ew) 7 10 a.m. 314A 4-7 10:0 78 +4 
mre 11 a.m. 816B Biol 9°5 67:3 
oA ak 11 a.m. 256B 4-3 7:0 66:2 
oon ell 10 a.m. 242A 5:6 6:0 41-0 
onjan Zl 11 a.m. 342A 3°9 6:5 51:5 
ees Noon 310B 3-9 5°5 54:3 
Lee 1 p.m. 210B 5-7 5°5 51-4 














If, over the range of half-tide positions shown in Column 4, the sag curve may be considered to 
be a straight line, then it is legitimate to take the averages of the dissolved oxygen and the equivalent 
distance from London Bridge, and to plot one against the other; this is essentially the method that 
has been used throughout the present work. If the range of distances were so great that on the 
true sag curve the curvature of the section was appreciable, then this method of averaging would 
lead to points being plotted on the inside of the bend of the true curve and the overall effect would 
be to flatten the curve throughout. 

Inspection of ‘Table 50 shows that to obtain figures representative of the average condition of 
the estuary at Greenwich is not a straightforward task. In the first place, the oxygen values range 
between 3-4 and 78-4 per cent of the saturation value, and secondly, there are many more figures 
relating to the second half of the period than to the first. 

In Table 51 are shown the results of different methods of averaging the figures given in Table 50; 
in the first line is shown the ordinary average—the sum of the individual readings divided by the 
number of readings. In the first part of the period the general level of the dissolved oxygen was 
considerably lower than in the second half, and since there were many more samples taken during 
the latter period it is probable that averaging the individual readings will lead to a value that is 
higher than would have been obtained had samples been taken at equal intervals throughout the 
quarter. In the second line of the table the daily averages have first been found, and then the 
average values of these determined for the quarter; the oxygen figure is appreciably lower than in 
the first line, and this is due to the greater frequency, in the latter part of the quarter, of days when 
more than one sample was taken. The average of the weekly averages is seen to lie between the two 
former figures, and the value obtained from the averaging by weeks of the daily averages probably 
gives the most satisfactory result possible from the data of Table 50. Apart from the labour involved 
in producing ‘weekly averages, this method is suitable only if there is at least one sample taken in 
each week, but often this is not so. In producing most of the sag curves, the averages of the daily 
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averages have been used, but where the distribution of samples during the quarter is very uneven, 
the daily averages have been averaged by months and then the quarterly averages determined. 
It may be mentioned that in most of the quarters considered, not more than one sample has been 
taken at any particular station, on a single day, and in the same tidal range. For the samples taken 
off Northern and Southern Outfalls the data have been first averaged by weeks and then the 
quarterly average has been found—due account being taken of the number of days in each quarter. 


Table 51. Results of averaging the figures of Table 50 by different methods 





Equivalent ; Dissolved oxygen 
Method of averaging half-tide position Temperature (per cent 
(miles below CC) saturation) 
London Bridge) 
By samples 4°46 6:8 48-4 
By days 4-43 6:7 44-7 
By weeks 4-47 6:4 46:0 
By days, then by weeks 4-45 6:6 45:8 
By months 4-45 6-6 44-5 
By days, then by months 4°43 6:6 43-0 








QUARTERLY SAG CURVES 


All the average figures for the first quarter of 1922 are given in Table 52. In Column 5 is shown 
the statistical weight assigned to the individual averages; an average obtained from, say, 20 samples 
taken on 20 different days is probably less reliable than one from 30 samples taken on the same 
20 days, but more so than one from 20 samples taken on only 10 of those days; in practice, these 
averages would be assigned weights of 20, 25, and 15 respectively, the weights being chosen 
arbitrarily as the arithmetic means of the number of samples and the number of days on which 
sampling was carried out. In Columns 7 to 9 the final process of averaging is shown; the need for 
this stage is apparent—to plot the values given in the first three columns would be misleading, as 
the weights vary from 1 to 71. In this final step the aims are fourfold: to give approximately equal 
weight to points that will be plotted adjacent to one another, to combine those averages for which 
the half-tide positions lie within a mile or so of each other, to combine those values for which the 
temperatures are above and below those of the adjacent stations, and to take together figures relating 
to different tidal states. These last two aims lead to a more representative overall average; for instance, 
during the run from Erith to Southend, most of the samples in a single trip are taken at approxi- 
mately the same state of the tide, so that if the high-water readings for one station can be combined 
with the low-water figures for another (which will probably have been taken on a different set of 
days), the final average should be the most reliable one that can be obtained from the available 
data. 

In Fig. 58 the dissolved-oxygen data for half-tide conditions during the first quarter of 1922 
are plotted against position in the estuary. In (a) the plotted points are for the values shown in 
Columns 1 and 3 of Table 52, while in (b) those of Columns 7 and 9 have been used. In drawing the 
curve through the points of (b) the number of samples relating to the different points has been 
taken into consideration; the same curve is shown in (a) where the greater scatter of the points, 
before the final averaging, is clearly seen. 

In drawing many of the curves, difficulty was experienced with the section near the outfalls of 
the two L.C.C. sewage works, since it was generally found that a smooth curve passed above both 
points for Southern Outfall and below both points for Northern Outfall—the equivalent half-tide 
position of Northern Outfall at low water is 7-2 miles below London Bridge, and at high water 
15-0 miles; the corresponding figures for Southern Outfall are 9-5 and 17-4 miles. In Table 53 
are shown the mean departures of the averages for each outfall from the curves that have been 
drawn. 

For each period considered in the table the figures for Northern Outfall are higher than given 
by the sag curve, while those for Southern Outfall are lower. The most pronounced difference is 
between the two low-water values, for which the equivalent half-tide positions are normally only 
2-3 miles apart and which during the whole period of 40 years differ, on average, by 3-2 per 
cent saturation, even when allowance has been made for the difference in position. The reason for 
these discrepancies is not understood. It could be accounted for if there were any difference in 
methods of sampling or analysis at the two works; this, however, seems unlikely, particularly since 
the effect has persisted foryso long—the differences amounted to over 20 per cent for the third 
quarter of 1894—and it is understood that, at any rate since 1912, the methods have been identical. 
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It is also possible that the effluents discharged from the outfalls are not uniformly mixed over the 
cross-section at the point where sampling is carried out. However, this would not account for the 
values in mid-stream off Northern Outfall being higher than those given by the smooth sag curve. 
The Northern Outfall samples are taken opposite the point of entry of the River Roding at Barking 
Creek; the water from the Roding will generally contain more oxygen than the Thames at this 
point and could conceivably have a small local effect on the oxygen content at the sampling point. 





DISSOLVED OXYGEN (per cent saturation) 


MILES BELOW LONDON BRIDGE AT HALF -TIDE 


Fic. 58. Oxygen sag curve for first quarter of 1922 
Data from Table 52, (a) Columns 1 and 3, (b) Calumns 7 and 9 


Table 53. Mean departures of oxygen content (per cent saturation) at 
Northern and Southern Outfalls from smoothed sag curve 














Northern Outfall Southern Outfall 

Period 
Low water | High water | Average Low water | High water | Average 
1920-29 ae 72R8) +1-3 1-9 —2-7 —0-2 —1-4 
1930-39 +0-9 +0-3 +0:6 —2:2 —0-3 —1-2 
1940-49 +2-1 +0°-5 +1-3 —1-0 —0:1 —0:5 
1950-59 =+-0-9 +0°-5 +0:7 —0-4 —0-0 —0-2 
1920-1959 + li-6 +0-6 +1-1 —1-6 —0-1 —0:8 














Quarterly sag curves have been produced from the L.C.C. data for each quarter of the years 
1900, 1905, 1910, 1915, 1918, and 1920-1962. In addition, curves have been drawn for three quarters 
during 1893-94, and for a single quarter in 1882. The number of such curves produced, therefore, 
was 196; the total number of samples involved was over 122 000. 

From each of these curves the oxygen content has been read at intervals of 5 miles throughout 
the estuary from 15 miles above to 40 miles below London Bridge, or over a smaller range when the 
length of river surveyed was not so extensive. All these figures are listed in Table 54 from which 
it is possible to reconstruct any of the curves with a reasonable degree of accuracy. The correspond- 
ing data for temperature are also included in the table (but see middle of p. 448). In Figs. 59-63 
(pp. 121-125) are shown 46 of the curves and the data from which they were drawn. The vertical 
part of the curve 19 miles above London Bridge allows for the estimated change in oxygen content 
of the water passing over Teddington Weir, since the L.C.C. samples are taken immediately above 
the weir; this adjustment has been made from the work reported on pp. 335-336. 


[Text continues on p. 126] 
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Fic. 59. Selected oxygen sag curves for 1882-1905 
Continuous line, approximate sag curve derived from plotted points excluding crosses (see p. 127) 
Broken line, corresponding standard curve for 1920-29 


Q, flow at Teddington; T, average temperature for a 25-mile reach; N, number of samples 
used in deriving plotted points 
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Fic. 60. Selected oxygen sag curves for 1910-1925 
Continuous line, approximate sag curve derived from plotted points 
Broken line, corresponding standard curve for 1920-29 


Q, flow at Teddington; T, average temperature for a 25-mile reach, generally 0-25 miles below 
London Bridge; N, number of samples used in deriving plotted points 
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Fic. 61. Selected oxygen sag curves for 1930-1945 
Continuous line, approximate sag curve derived from plotted points 
Broken line, corresponding standard curve for 1920-29 


QO, flow at Teddington; T, average temperature for reach 0-25 miles below London Bridge; 
N, number of samples used in deriving plotted points 
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Fic. 62. Selected oxygen sag curves for 1950-58 
Continuous line, approximate sag curve derived from plotted points 
Broken line, corresponding standard curve for 1920-29 


Q, flow at Teddington; T, average temperature for reach 0-25 miles below London Bridge; 
N, number of samples used in deriving plotted points 
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Fic. 63. Selected oxygen sag curves for 1959-1962 
Continuous line, approximate sag curve derived from plotted points 
Broken line, corresponding standard curve for 1920-29 


O, flow at Teddington; T, average temperature for reach 0-25 miles below London Bridge; 
N, number of samples used in deriving plotted points 
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126 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 
COMPARISON OF OXYGEN SAG CURVES 


It will be shown later that both temperature and the discharge of fresh water at ‘Teddington 
affect the oxygen content of the water of the estuary. Consequently, if the sag curves for two different 
periods are being compared, with a view to deciding whether the general state of oxygenation of 
the estuary is improving or deteriorating, it is essential to make allowance for these two factors. 
If the curves chosen for comparison are for corresponding quarters of the year then the effects of 
temperature differences will generally be slight. ‘To allow for the effects of flow it is necessary to 
know the relations existing between flow and oxygen content throughout the estuary. For the 
present, it will be sufficient to compare each curve with a standard curve for the same quarter of 
the year and the same fresh-water flow, representing average conditions from 1920 to 1929—a 
period when, apart from the variations attributable to changes in temperature and flow, the general 
level of oxygenation remained almost steady. 


PRODUCTION OF STANDARDS CURVES 


The standard curve relating to a particular quarter, such as the first of 1935, is found in the 
following way. The data for first quarters in 1920-29 given in Table 54 (pp. 113-114) are plotted against 
the average flow at Teddington in each quarter (a separate diagram being drawn for each 5-mile 
point) and a smooth curve is drawn through the 9 or 10 points of each graph; Fig. 64 shows the data 
for 10 miles below London Bridge. For convenience the curves from each graph are then redrawn 
on a single diagram (Fig. 65) from which a standard sag curve can readily be derived for any first 
quarter, provided only that the flow is within (or not much beyond) the range of the first-quarter 
flows in 1920-29. By drawing a vertical line at a flow of 1308 m.g.d. (the average during the first 
quarter of 1935), and replotting the dissolved oxygen against position in the estuary, the required 
standard curve is obtained. The appropriate standard curve for 1920-29 is compared, whenever 
possible, with each observed curve in Figs. 59-63—including those relating to 1920 and 1925 since 
this comparison affords an, indication of the discrepancies that can be considered significant of 
changes in the general level of oxygenation during other periods. 
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Fic. 64. Relation between flow at Teddington and dissolved 
oxygen at half-tide 10 miles below London Bridge 


Average values for first quarters in 1920-29 


DISSOLVED OXYGEN (per cent saturation) 


EXAMINATION OF LONG-TERM CHANGES BEFORE 1920 


It is of interest to examine the changes that took place in the distribution of dissolved oxygen 
before 1920, since the statistical analysis (later in the chapter) deals mainly with subsequent years. 

Figure 59 (p. 121) covers the earliest period for which the data have been examined, namely 
from 1882 to 1905. It is very probable that these curves are less accurate than those for more recent 
years. The first curve relates to the period from 20th June to 22nd September (or roughly the third 
quarter) of 1882. Ninety samples were taken on nine days throughout this period, the results being 
given in tables of analyses compiled by Tidy for the Port of London Sanitary Authority®; a further 
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82 samples were taken on eight days from 26th July to 2nd September for the Metropolitan Board 
of Works!°. In the former survey no figures are given for temperature, and few for salinity, so that 
there is some uncertainty in the oxygen-solubility figures required in converting to per cent 
saturation; in the latter survey the published details of sampling times and positions are often 
vague, but since the samples are listed in both chronological and topographical orders, much of the 
original uncertainty has been eliminated. 
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Fic. 65. Relation between flow at Teddington and dissolved oxygen during first quarters in 
1920-29 


Figures against curves show position in estuary in miles below London Bridge at half-tide 


Continuous lines refer to positions normally upstream of sag-curve minimum, broken lines to those 
downstream 


In Fig. 59(b—d) the circles relate to Dibdin’s detailed survey? of 1893-94, and the crosses to the 
regular sampling off the L.C.C. sewage outfalls. While it is possible to draw a curve through the 
data to represent the results obtained in this survey, the figures for the routine samples off the 
outfalls are incompatible with it. Both sets of data are the result of almost daily sampling. 

In Figs. 59(e)-60(d) the period from 1900 to 1910 is covered. There is reasonable agreement 
between the general shape of the observed and standard curves, but in all cases the former lie well 
above the latter, suggesting that the condition of the estuary during this period was substantially 
better than in 1920-29. There is no standard curve for the first quarter of 1905 since the flo w in that 
quarter was considerably lower than in any of the first quarters of 1920-29. 

In 1915 the whole estuary was being examined regularly, and the number of samples analysed 
during each quarter—apart from those taken off the main sewage outfalls—was over 700, against 
only about 100 for the period from 1900 to 1910. Comparison of the differences between the 
observed and standard curves in 1910 with corresponding differences in 1915 suggests a marked 
deterioration in the condition of the estuary during the intervening four years. However, it is believed 
that in the earlier years the analyses were carried out on shore, whereas after 1912 all samples—if 
not analysed for their oxygen content aboard the sampling vessel—had the dissolved oxygen ‘fixed’ 
on board by addition of manganous chloride and alkaline iodide; also, by 1915 both the temperature 
and salinity of each sample were taken into account in calculating the solubility from the results 
of work by Fox®. The Winkler technique was now being used but, as mentioned earlier, it is probable 
that this method was already in use in 1910. That the change in the separation of the observed 
and standard curves should occur at about the same time as the change in methods of sampling, 
calculation, and possibly analysis, must be regarded with some suspicion—although, of course, 
the surveys may have been made more comprehensive as a result of an observed deterioration in 
condition. The data for 1911-14 have not been examined. 

The general shape and position of these early sag curves are much the same as those of the 
standard curves for 1920-29, suggesting that the distribution of pollution in the estuary was similar 
to that in 1920-29. Then, as now, the major sources of pollution were the effluents from the two 
main sewage outfalls of the L.C.C. There is a tendency for the minimum of the observed sag curve 
to lie upstream of that of the standard curve; taking the eight quarters of 1882-1905, for which 
both curves include a minimum value, it is found that, on average, this difference is 2 miles. 
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Drawing the curves in the neighbourhood of the minimum is difficult, but the results suggest that 
the proportion of pollution lying upstream from the minimum of the sag curve may have been 
rather greater in the earlier years. Little is known about the distribution of pollution during this 
earlier period, but it is quite probable that the load from the direct industrial discharges was greater 
at the turn of the century than in recent years, since it was not until the present century that the 
majority of these discharges were stopped and the wastes passed into the L.C.C. sewerage system. 
In the L.C.C.’s laboratory notebooks are recorded the results of a detailed survey of the direct 
discharges to the Thames between October 1891 and August 1894. Over 100 discharges were 
examined and the sources included 4 distilleries, 6 breweries, 14 sewage works, 5 gas works, 5 paper 
mills, 14 soap, candle, oil, or grease works, 2 tanneries, and 21 chemical works. Bearing in mind 
the probable strength of some of these discharges in the days before control was exercised and 
before recovery of waste products was considered economic, it seems quite possible that the total 
load to the estuary from all the discharges to the upper reaches of the estuary was considerably 
greater at this time than during recent years. 

To compare the separations of the pairs of curves in different years, the average excess of the 
observed over the standard oxygen content was calculated for points at intervals of 24 miles, from 
5 miles above London Bridge to 15 below, and the mean results are shown in Table 55. The most 
doubtful value is that for 1882, and if this figure is discounted it would appear from these figures, 
and from the evidence of the Royal Commissions during the 19th century, that from 1905 to 1910 
the estuary was cleaner than at any other time during the past 100 years (but see p. 159). 


Table 55. Average excess of observed oxygen content of a 20-mile 
reach of estuary over the oxygen content expected under 
similar conditions in 1920-29, in per cent saturation 











Period 





1900 1905 


No. of quarters 4 3 









Excess oxygen 1:9 


EFFECTS OF CHANGES IN FLOW AND TEMPERATURE 


From the start of the work it was realized that even with a constant polluting load there would 
be variations in the level of dissolved oxygen associated with changes in temperature and fresh-water 
flow, and before a statistical analysis was made of the sag-curve data these changes were examined 
by comparison of the quarterly curves. 

It was found that the largest changes in dissolved oxygen were those associated with large 
changes in the flow at Teddington. This may be seen from Fig. 66(a) which shows the sag curves 
of four first quarters between which the average temperature over a distance of 45 miles varied by 
only 1-6 degC; two of the curves are for flows at Teddington around 500 m.g.d. and the other 
two for flows over 4000 m.g.d. 
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Fic. 66. Variatiorig in dissolved oxygen with flow at Teddington in (a) first and (6) third quarters 
Q, average flow at Teddington (m.g.d.); T, mean temperature (°C) 10 miles above to 35 miles below London Bridge 
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The effect of flow in raising the sag-curve minimum and displacing it toward the sea is 
immediately apparent. It may be noted that whereas the changes in dissolved oxygen associated 
with the changes in flow are very great in the 10 miles either side of London Bridge, there is 
apparently little effect of flow more than 30 miles below London Bridge (the reason for the low 
value of dissolved oxygen 35 miles below London Bridge in 1944 is examined on p. 163). Fig. 66(b) 
shows the effect of changes in flow in four third quarters—two with a flow of about 100 m.g.d. and 
two of about 600 m.g.d. The differences are less marked than in the previous diagram but the 
range of flows is only about an eighth as great. 

In Fig. 67 is shown, in a similar manner, the apparent relation between seasonal changes in 
temperature and the corresponding changes in the sag curves. Although the general condition of the 
estuary deteriorated over the periods covered by these diagrams, it is reasonable to suppose that 
the changes in oxygen in Fig. 66 are in fact attributable to changes in flow, but it cannot be said 
with certainty that the changes in Fig. 67 are attributable only to changes in temperature, as this 
is not the only factor which may affect the dissolved oxygen and which varies seasonally. For 
instance, there are variations in wind speed which affect the degree of agitation of the water surface 
and hence also the rate of solution of atmospheric oxygen (pp. 360-364). Also the photosynthetic 
production of oxygen by phytoplankton depends on the time of year. The net effect of the seasonal 
changes (excluding that of flow which has been eliminated in this diagram) is surprisingly small. 
One reason why the effect of changes in flow is observed to be so much greater than that of tempera- 
ture is that the comparisons in Fig. 67 have to be made for periods of low flow, since high flows 
never persist throughout the third quarter (see Table 1, p. 11), and consequently the dissolved- 
oxygen content is low. When it falls below about 10 per cent saturation, complications may arise 
from the restricted oxidation of organic matter and from denitrification (pp. 459-460), and this 
decreases the fall in oxygen that would otherwise be expected. The overall effect of changes in 
temperature on the available oxygen (dissolved oxygen, plus oxygen in combination with nitrogen) 
may thus be considerably greater than might be supposed from Fig. 67. This aspect is illustrated 
by results discussed on pp. 521-522. 
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Fic. 67. Variations in dissolved oxygen with temperature for flows at Teddington 
around 500 m.g.d. 


QO, average flow at Teddington (m.g.d.); T, mean temperature (°C) where possible 
10 miles above to 35 miles below London Bridge 


The relative unimportance of temperature near the sag-curve minimum is shown by Fig. 68, 
where the four-weekly averages of the oxygen content and temperature of the water off Northern 
Outfall and the flow at Teddington are plotted against the date; the temperature scale has been 
inverted for convenience of comparison with the other factors. In the first and last years of the 
period it is not clear whether the oxygen content is following more closely the changes in flow or in 
temperature, but during the exceptionally dry winter of 1933-34 both the flow and oxygen values 
are seen to rise little above the summer levels, while the temperature curve is much the same as 
for other years. 

The relation between temperature and dissolved oxygen is, however, extremely complex, since 
it depends not only on which point in the estuary is being considered but also on the general level 
of oxygenation at that point and at points upstream. This is discussed in more detail later in the 
chapter. 
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Fic. 68. Four-weekly averages of flow at Teddington and of dissolved-oxygen content and 
temperature of water off Northern Outfall, July 1932 to July 1936 


STATISTICAL EXAMINATION OF OXYGEN DATA 


To examine more precisely the relations between fresh-water flow, temperature, and dissolved 
oxygen, statistical methods were used. The particular statistics calculated and the way in which 
they were derived will be discussed before the results of the analyses are examined. It should be 
noted that the fresh-water flow considered throughout this chapter is the flow of the Thames at 
Teddington; this value is appreciably less than the total land-water flow entering the estuary (see 
Fig. 12, p. 14). 


METHODS AND RESULTS 


Since it was evident that, even after taking account of the effects of changes in flow and tem- 
perature, systematic differences existed between the dissolved oxygen in different quarters of the 
year, it was necessary to examine the data for corresponding quarters over a number of years as 
well as to treat all quarters of the year together. 

Considerable difficulty was experienced in analysing the available information. One reason for 
this was that, in order to obtain sufficient data to justify the statistical methods to be employed, it 
was preferable to use the results for a period of at least 20 years. However, as may be seen from 
Figs. 59-63, over such a long period there are likely to be systematic changes in the general level 
of oxygenation apart from those associated with changes in flow and temperature. Such changes 
may arise from changes in the polluting load entering the estuary, but insufficient information was 
available to take these and other factors into account. From a graphical examination of the data, it 
was apparent that at most points in the estuary the oxygen content decreased steadily over a long 
period, and it was therefore decided to include time itself as a further independent variable in 
the analysis. The disadvantage of introducing another variable is that, for statistically significant 
results to be obtained, even more sets of figures are required, which in turn means using the data 
for a longer period; if this period is made too long, the deterioration cannot be considered as a 
linear function of time. 

It is convenient at this point to introduce the symbols to be used in expressing the results of the 
statistical work. These are: 
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= observed content of dissolved oxygen, in per cent saturation, 
= discharge of the Thames at Teddington, in thousand m.g.d., 
= water temperature, in °C, 

= time, in years, from a particular date. 


ei “ae RR 


In each analysis the mean, Y, and the standard deviation, oy, were found for the oxygen data. 
These terms are defined by 


Y= exe (8) 
and 
ay ATER, 0) 


respectively, where m is the number of quarters used in the calculation and SY, the sum of the n 
individual values of the oxygen content. 

The six total-correlation coefficients between the values for oxygen, flow, temperature, and time 
were then evaluated. These coefficients show the closeness or otherwise of the relation existing 
between each pair of factors. The correlation coefficient always has a value within the range — 1 
to +1; the latter implies perfect positive correlation, or that when one of the two variables changes 
then the other also changes in the same direction and by an amount that is exactly proportional 
to the change in the first variable. A coefficient of — 1 indicates the same exact relationship but with 
the changes in the two variables taking place in opposite senses. A correlation coefficient of 0 
indicates no linear relation between the variables. In practice, of course, coefficients exactly equal 
to +1, 0, or —1 are rarely found, and a test has to be applied to determine whether or not the 
value obtained is significant—the level of significance may be expressed as the probability, P, that 
as great a correlation might be due to chance if the two variables were, in fact, totally unrelated. 
The precise values are not stated in the results given below but the range of values within which 
P lies is indicated. 

The total correlation coefficients are used in deriving a partial-regression equation of the form 


Y= a+ bya nO + bypraT + byrort, (10a) 


where Y’ is the value of the oxygen content predicted from this equation for the corresponding 
observed values of Q, T, and ¢. The coefficient byg.7~, expresses the rate of change in oxygen 
content associated with changes in flow at Teddington after elimination of the effects associated 
with temperature and time; its units will clearly be those of per cent saturation per 1000 m.g.d. 
The value of a is the hypothetical value for the oxygen content when Q, 7, and f¢ all have values 
of zero. The statistical significance of these coefficients is found by examination of the partial- 
correlation coefficients ry 9.7» Ty 7.Qp 'Y1t.QT- 

This type of analysis was first used in examining the oxygen content at London Bridge and 
at 5 miles above and 10 miles below—all the positions relating to conditions at half-tide. The 
calculations were restricted to the data for 1920-1934, a period during which there was no general 
deterioration or improvement in the condition of the water in these parts of the estuary; the term 
involving time was therefore omitted, so that Equation 10a was simplified to 


Y= a+ byg7Q + byro®l. (10b) 


The results are shown in Table 56 (pp. 132-134). 

In the lowest sections of Table 56 are shown the standard errors of three of the statistics given 
in the table; oy,_y is the root-mean-square value of the residual error, Y’— Y, in the analysis. 
The standard errors of the coefficients in the partial regression equation are also shown; the odds 
are roughly 2 to 1 that the true value of 5 lies within the range b+ 0,. The multiple-correlation 
coefficient, R, is a measure of the amount of the variation in the original data for dissolved oxygen 
that is associated with the variations in flow and temperature, and it is seen that in spite of the few 
quarters used in the analysis all the values for R are significant, and all except one highly so 
(P<0-01). A measure of the degree of success of the analysis more readily understood is the 
coefficient of non-determination, k?, which is defined by the relation 

2 


frees ae ee Re (11) 


oy 





This coefficient is the proportion of the variability in the original data which remains unaccounted 
for after the regression analysis. ''o be precise this ‘variability’ is the variance which is the square 
of the standard deviation given by Equation 9, and thus the mean value of the squares of the 
deviations of the oxygen figures about their mean. 

It is difficult, without going into mathematical derivations, to explain these statistics more fully, 
but details can be found in any standard textbook on statistics, such as that by Yule and Kendall". 
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Table 56. Results of regression analysis for oxygen content in 1920-1934 


Y = Oxygen content (per cent saturation) 
O = Flow at Teddington (in thousand m.g.d.) 





T = Water temperature (°C) 


Other symbols referred to in text 


(a) 5 miles above London Bridge at half-tide 

















Statistic Ist Quarters 2nd Quarters 3rd Quarters 4th Quarters All quarters 

Number of sets of quarterly averages 

n 8 12 13 13 46 
Oxygen content (mean and standard deviation) 

Y 74-0 50-3 27-7 52-9 48-8 

Oy 1249 1375 10-0 17-6 20-8 
Total-correlation coefficients 

rye 0-900** 0-925" 0-845*** 0-S605*** G-oipe** 

tyr —0-049N —0-502N —0-720** —0-+535N —0-764*** 

ror —0-089N —0-536N —0-862*** —0-163N —0-614*** 
Multiple-correlation coefficient 

Ry er 0-902* 0292525 0: 345** 0°953"* 0-947" 
Coefficient of non-determination 

k? 0-19 0-14 0-29 0-09 | 0-10 
Coefficients in Equation 10b 

a 2022 ZIT 10-66 94-20 46-15 

bye.r 125 90*8% ab oS fod 23°47** Ly S3oee= i face bea 

byr.g —0-60N —0-11N —0-21N —6-62*** —1-52*** 
Standard errors 

Cy'_y ny p' 5<11 5 «36 542 6:71 

over 3-06 She 8-98 2°12 1-61 

brT.Q 3°64 2-22, 2:24 1-58 0-29 














* Levels of significance: P = probability that as great a correlation might be due to chance, 


N P> 0-05 
* 0:05 > P> 0-01 
scl P< 0-01 


=? (Except multiple-correlation coefficients) P < 0-001 


The levels of significance shown against the coefficients in the partial-regression equation are those evaluated 
for the corresponding partial-correlation coefficients. 
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Table 56 (continued) 
(b) London Bridge at half-tide 


























Statistic Ist Quarters 2nd Quarters 3rd Quarters 4th Quarters All quarters 

Number of sets of quarterly averages 

n 15 14 13 | 15 | 57 
Oxygen content (mean and standard deviation) 

Y 65-7 35-7 17-8 41-0 40-9 

Cy 13-0 ao 4-5 14-8 20:4 
Total-correlation coefficients 

rye BRE aba Q-9144** 0-845 *** 0:914*** O-910%*% 

tyr 0-137N —0-641* — 0-739** —0-484N —0-825*** 

ror 0-380N —0-621* —0-738** —0-203N —0-637*** 
Multiple-correlation coefficient 

Ry.or 0° 853** oP oig** G-363** Q-963** 0:965** 
Coefficient of non-determination 

Re 0-22 0-16 0-26 0-07 0-07 
Coefficients in Equation 10b 

a 63-75 35.12 32-78 56:17 45-82 

byer peal2n* 149297" CSG feat sehr = 13*5457= 

YT.Q —3-72N —1-12N —1-07N — 3° ole — 1 OEAe* 
Standard errors 

Oy’_y 6:12 3-66 2:29 3-98 5435 

rer 1-88 2259 3-02 1-43 U-o7 

%rr.¢9 Z°4/ 1-41 1-00 0-90 0-22 

















nS 


* Levels of significance: P = probability that as great a correlation might be due to chance, 


N P> 0:05 
* 0:05 > P> 0-01 
*% P< 0:01 


Eee (Except multiple-correlation coefficients) P < 0-001 


The levels of significance shown against the coefficients in the partial-regression equation are those evaluated 
for the corresponding partial-correlation coefficients. 
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Table 56 (continued) 
(c) 10 miles below London Bridge at half-tide 
































Statistic Ist Quarters 2nd Quarters 3rd Quarters 4th Quarters | All quarters 

Number of sets of quarterly averages 

n 15 15 Ve) 15 60 
Oxygen content (mean and standard deviation) 

Y 30-5 10-9 5-4 13-0 15-0 

Oy 1:2 a9 2:4 6-9 12-2 
Total-correlation coefficients 

rye 0-954*** 0-759%** 0-772" #* 0: 962*** 0-931 *** 

tye 0-047N —0-425N oe eo? =" — 0-308N —0-705*** 

tor 0:193N —0-220N —0-505N —0-205N — 0-656*** 
Multiple-correlation coefficient 

Ry or 0: 964.5% 0-804** 7905 =< 6:06" o 0-940** 
Coefficient of non-determination 

k? 0-07 0-35 0-18 0-06 0-12 
Coefficients in Equation 10b 

a 17-15 26-60 24-51 9-68 6-55 

ae 12-71*** 5-16*** 3.29% x 7.Q6*** 10-22*** 

YT.Q —2-42N —1-56N —1-10*** =o e —0-45** 

Standard errors 

Oy'_y RH! Mak 1-02 1-72 4-27 

ver 1-02 1-30 0-94 0-62 0-75 

CorTr.¢ 1-34 1-01 0-29 0-47 0-16 











* Levels of significance: P = probability that as great a correlation might be due to chance, 


N PS20:05 
* 0:05 > P = 0-01 
** ‘Pee U(l 


ast* (Except multiple-correlation coefficients) P < 0-001 


The levels of significance shown against the coefficients in the partial-regression equation are those evaluated 
for the corresponding partial-correlation coefficients. 


In Table 57 are given the results of the regression analysis of the oxygen data at half-tide for 
1920-1952 at 25 and 35 miles below London Bridge, at the sag-curve minimum, and in the reach 
extending 25 miles seaward from London Bridge. In these calculations, the time term (which 
allows for a progressive deterioration in condition) has been included, and for all except Section (b) 
of the table (referring to 35 miles below London Bridge) a linear deterioration has been assumed 
to start from 1935—-values of t being taken to be zero from 1920 to 1934. The oxygen content 
35 miles below London Bridge was assumed to decrease linearly throughout the whole period 
covered by the analysis. The time at which the deterioration was assumed to start was decided 
after a preliminary examination of the oxygen figures. 
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Y = Oxygen content (per cent saturation) 


Table 57. Results of regression analysis for oxygen content in 1920-1952 


Q = Flow at Teddington (in thousand m.g.d.) 
T = Water temperature (°C) 
t = Time in years since 1934 


(a) 25 miles below London Bridge at half-tide 





For 1920-1934, t = 0 
eee 
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Statistic Ist Quarters 2nd Quarters 3rd Quarters 4th Quarters All quarters 

Number of sets of quarterly averages 

n 32 33 33 B3 131 
Oxygen content (mean and standard deviation) 

i 19-5 16-6 14-0 15-7 16-4 

Cy 5-8 5:7 6:7 71 6-6 
Total-correlation coefficients 

'v@ 0-410* 0-233N 0-425* 0-230* 39a 

tyr — 0-026N —0-561*** — 0:698*** = ()- 599% ** —0-390*** 

ryt — 0-548** —0-712*** — 0-872*** —0-741*** — 0-687*** 

Tor 0-077N —0-064N — 0-476** —0-100N — 0-670*** 

Tot —0-055N —0-159N —0-267N —0-070N —0-062N 

Yr —0-421* —0-720*** —0-528** — 0-586*** —0-135N 
Multiple-correlation coefficient 

Ry eri o-6071>* 0::726%™ 0-215 0-785 ** O° 717s 
Coefficient of non-determination 

ke 0255 0:47 0-15 0-38 0-40 
Coefficients in Equation 10a 

a 19-43 20°33 49-46 S297 19-90 

byomrt Z203* 1-26N 2:41N 1-58N 1.80% ** 

byr.at —0-34N —0-60N —1-70** —1-42N —0-17N 
Standard errors 

Cy’_y 4-32 B79 2-60 4-37 4-18 

re rt 0-74 1°27 1-87 1-10 0-48 

%rrT.at 0-68 0-92 O+ 57 0-86 0-11 

or t.or 0-15 0:17 0-09 0-16 0-06 





* Levels of significance: P = probability that as great a correlation might be due to chance, 


N e005 
: E05) aE 40.01 
sind Pee 0:0) 


=e (Except multiple-correlation coefficients) P < 0-001 


The levels of significance shown against the coefficients in the partial-regression equation are those evaluated 
for the corresponding partial-correlation coefficients. 
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Table 57 (continued) 


(b) 35 miles below London Bridge at half-tide 
Before 1934, ¢ is negative 
Data for 1941-45 excluded from analysis 


Statistic Ist Quarters 2nd Quarters 3rd Quarters 4th Quarters All quarters 


Number of sets of quarterly averages 









































n LH) 28 28 28 ttt 
Oxygen content (mean and standard deviation) 

Y 66-6 68-6 61-3 64-3 | 65-2 

Oy 6°5 7°5 13-9 9-3 | 10:1 
Total-correlation coefficients 

rye —(0-027N —0-049N 0-245N 0-025N 0-276** 

tyr 0-029N —0-395* — 0-643 *** —0:-534** —0:246** 

rv} —(-563** —0-568** —0-898*** — 0-807*** — 0-693 *** 

ror 0:073N —0-036N —0-532** 0:-040N — 0-583 *** 

Tot 0-016N —0-089N —0-257N 0-042N —0:072N 

rr 0-359* 0-638*** 0-558** 0-593 *** 0:117N 
Multiple-correlation coefficient 

Ry.ort 0-616* 0-563* Q-917** 0:813** 0:712** 
Coefficient of non-determination 

k2 0-62 0:67 | 0:16 0:34 0:49 
Coefficients in Equation 10a 

| 

a 58-54 74°49 122-22 69-76 68-67 

byort —0Q-21N —1-30N —4-23N 0:76N 0:-07N 

byr.oat 1-30N —0:36N — 3-23* —0-70N —0-35N 

reret 0 45**s =: 30* —1-10*** — (0-72 *## —(0-70*** 
Standard errors 

Oy'_y 5-12 6:13 5°54 5-44 7:11 

vert 0-97 1-11 4-47 1-50 0-89 

[by r.at 0-88 1-21 1-41 1-18 0-20 

over 0-12 0-17 0:14 0-14 0-07 














* Levels of significance: P = probability that as great a correlation might be due to chance, 


N P> 0-05 

“ 0:05 > P> 0-01 
+ P< 0-01 
KK 


(Except multiple-correlation coefficients) P < 0-001 


The levels of significance shown against the coefficients in the partial- -regression equation are those evaluated 
for the corresponding partial-correlation coefficients. 
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Table 57 (continued) 
(c) The point of minimum oxygen content at half-tide 
For 1920-1934, <=0 
Statistic Ist Quarters 2nd Quarters 3rd Quarters 4th Quarters All quarters 
Number of sets of quarterly averages 
n 32 33 | 33 | 33 131 
Oxygen content (mean and standard deviation) 
¥ 10-8 5-7 3-3 5-6 6-3 
Oy 6-0 a2 25 3*5 4-8 
Total-correlation coefficients 
rre A fang G:612*** 576" )-5522"— 0-790*** 
‘yer —0-424* —0-674** —0-810*** —0-645*** —0-621*** 
vt —0-443* —0-645** —0-710*** — 0:668*** —0-451*** 
Tot —0-195N —0-404* —0-509** —0-304N —0-711*** 
‘or —0-055N —0-159N —0-+267N —0-070N —0-062N 
rt 563% ** Q-759*** Qn 552% ** 0: 612555 0-154N 
Multiple-correlation coefficient 
Ry ort 0-878** 0+ 828** 0-892** 0-850** 0-886** 
Coefficient of non-determination 
R 0-23 0-31 0-20 0-28 0-21 
Coefficients in Equation 10a 
a 5-74 8-20 22:93 9-97 3-78 
ie 3.Q7*** 2.75% 1-96* 2-19%*** 3. 4Q xx 
YT.Qt —0-38N —0-28N —1-00*** —0-51N —0-03N 
Standard errors 
Oy’_y 2-85 1-81 P13 1-85 2:24 
Covert 0-49 0-66 0-83 0-51 0-27 
ror 0-11 0-09 0-04 0-07 0-03 














i 


* Levels of significance: P = probability that as great a correlation might be due to chance, 


N Pe 005 

- 0-05 > P> 0-01 
as P< 0-01 
KKK 


(Except multiple-correlation coefficients) P < 0-001 


The levels of significance shown against the coefficients in the partial-regression equation are those evaluated 


for the corresponding partial-correlation coefficients. 
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Table 57 (continued) 


(d) Average conditions in reach extending 25 miles seaward 


from London Bridge at half-tide 


For 1920-1934, <=0 





Statistic Ist Quarters 








Number of sets of quarterly averages 


nN 


a2 


33 


Oxygen content (mean and standard deviation) 


Y 
Oy 


28°3 
10*4 


‘Total-correlation coefficients 


'V@Q 


‘rt 





0:903*** 
—0-474** 
—0-413* 
—0-230N 
—0-055N 
WAYS 2 ale 


Multiple-correlation coefficient 


Ry eri 


O07 


Coefficient of non-determination 


k2 





0-05 


Coefficients in Equation 10a 


a 


bye.rt 
by rat 
byier 


Standard errors 


Vy ey. 

“bv a.Tt 
"by T.Qt 
“by 1.eT 





18-30 

7. QR 
—()-85* 
—(-51*** 


2°16 
0-38 
0-38 
0-08 





1381 
5o5 


0: 767*#** 
—0-710*** 
— 0: 6748** 
—0-350* 
—0-159N 
0: 769*** 


UES bey Gates 


$5>-83 
6-16*** 

—0:49N 

— 0:44" 


1-69 
59 
0-44 
0-08 











33 


Wn 
HN ur 


0 537** 
—0-782*** 
_ 0-897#** 
—0-547*** 
—0-267N 

0-611*** 


0:062>* 


0-07 


21-81 
2 fA re 
—0-68*# 


0-98 
0-75 
0-21 
0-04 








33 


— 
nN > 
ma CO 


0: 853*** 
—0-591*** 
— (0-494 
—0-281N 
—0-070N 

0:673*** 


0-207" 


0-07 


14-40 
7.10*** 
—0:-65* 
—0:38*** 


1-67 
0-45 
0-33 
0-07 








2nd Quarters 3rd Quarters 4th Quarters All quarters 


131 


0-920*** 
— 0-774 *#* 
— ()-342*** 
—0-710*** 
—0-062N 

0-169N 


O-S71Et 


0-06 


13-07 
773 ERK 

—OasOrFt 

—0:44*#* 


2°43 
0-30 
0-07 
0-04 





* Levels of significance: P = probability that as great a correlation might be due to chance, 


N PS 0-05 

* 0:05 > P> 0-01 
** P< 0-01 
KKK 


(Except multiple-correlation coefficients) P < 0-001 


The levels of significance shown against the coefficients in the partial-regression equation are those evaluated 
for the corresponding partial-correlation coefficients. 
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LIMITATIONS 


Before discussing the results of this statistical examination of data, it is as well to examine some 
of the limitations of the methods that have been used. 

The oxygen content has been assumed to be linearly related to fresh-water flow, temperature, 
and time—the last term being introduced to allow for the general deterioration in condition. 
Introduction of non-linear terms to the analysis would have increased the number of independent 
variables, which was already greater than desirable with the small number of sets of figures being 
used. 

It is evident from Fig. 65 (p. 127) that the relation between oxygen content, and flow at 
Teddington, cannot be considered truly linear. This figure refers entirely to first quarters of 1920-29 
for which the range of average temperatures was less than 4 degC, and during which period there 
was no significant deterioration to be taken into account over most of the estuary; consequently, 
the true relation between flow and oxygen can be studied. 

To examine the effectiveness of the regression analysis in accounting for the variations occurring 
in dissolved oxygen, the observed values for first quarters of 1920-1934 are compared in Fig. 69 
with those given by substituting the figures for flow, temperature, and time, in the regression 
equations for first quarters—the coefficients in these equations being given in Tables 56 and 57. 
The upper section of Fig. 69(a) shows the results for 5 miles above London Bridge at half-tide; 
the curve has been taken from Fig. 65 and relates to 1920-29 only. It is clear that the assumption 
of a linear relation between oxygen and flow is not justifiable for this point, and this accounts for 
the large residual error (cy_y) of nearly 6 per cent of saturation. By drawing a smooth curve 
through the observed data it is possible to reduce the root-mean-square departure of the observed 
points from the curve to about 1 per cent saturation, and this shows a much closer relation between 
oxygen content and flow than has actually been derived in the regression analysis which has been 
restricted to linear terms. 
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Fic. 69. Observed values of dissolved oxygen at half-tide in first quarters of 1920-1934 compared with 
values found by substituting figures for observed flow and temperature in regression equations 


The middle section of Fig. 69(a) shows far more satisfactory agreement. The small spread of 
the calculated points (those given by the regression equations) about the straight line indicates the 
smallness of the effect of temperature differences between these first quarters. 

The lowest section of Fig. 69(a) refers to the sag-curve minimum. Again the agreement is seen 
to be reasonable; it is, in fact, of more significance than in the previous case since the regression 
equation was not based only on the data for 1920-29 used in plotting the graph but was derived 
from the whole of the data for 1920-1952. ; 


140 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


The regression equations used in obtaining the calculated points in Fig. 69(b) were both based 
on all the available oxygen data for first quarters of 1920-1952, with the exclusion of 1941-45 for 
the oxygen content 35 miles below London Bridge at half-tide. Neither of the coefficients relating 
to the effects of flow and temperature is found, from Table 57(b), to be significant. This result is also 
in accordance with Figs. 66 and 67 (pp. 128 and 129) where the oxygen content 35 miles below 
London Bridge appears to be independent of either flow or temperature. 

The remaining curve in Fig. 69 relates to average conditions in the reach extending 25 miles 
seaward from London Bridge at half-tide. Here there is a pronounced effect of flow but the 
temperature effect is relatively small. The large discrepancy between the observed and calculated 
values of the first quarter of 1934 (plotted at a flow of about 500 m.g.d.) is attributed not so much to a 
breakdown in the linear relationship at low flows as to the fact that this quarter followed a fourth 
quarter when the flow was exceptionally low and this may have caused atypical conditions at the 
beginning of the year. 

Another limitation in the method of analysis arises from the existence of anaerobic conditions 
over a large part of the estuary during the third quarters of the last few years used in the analysis. 
If the condition of the estuary were deteriorating steadily, then the regression equations applying 
to the middle reaches could predict negative values for the oxygen content at the end of the period, 
whereas in practice the observed content of dissolved oxygen cannot be negative—a further 
deterioration being shown only by an increase in length of the anaerobic portion. 

Also, as mentioned earlier, it is believed that oxidation is restricted when the dissolved oxygen 
falls below about 10 per cent saturation. Consequently, when the oxygen content falls to this level, 
the coefficients relating oxygen content to flow, temperature, and year may be expected to decrease. 

Finally, there is reason to believe that the temperature-oxygen relationship in the lower reaches 
of the estuary changes when anaerobic conditions occur in the middle reaches (see p. 147). 


DISCUSSION OF RESULTS 


The results shown in Tables 56 and 57 will now be examined briefly. 


Five miles above London Bridge, Table 56(a), p. 132 


The data used in this analysis for 1920-1934 are incomplete; 14 quarterly averages have been 
omitted owing to lack of oxygen figures for 5 miles above London Bridge. The effect of flow is 
seen to be large, an increase of 1000 m.g.d. being accompanied by an average increase of some 
18 per cent saturation; a change of 3000 m.g.d. would thus alter the oxygen content by more than 
half the saturation value. When corresponding quarters are considered, the number of readings is 
so small that the standard error of the temperature coefficient is large enough to obscure an 
appreciable temperature effect. The temperature coefficient in the first three quarters is almost 
zero, but the true value might be as extreme as +4 per cent saturation per degC when the standard 
errors are considered. The coefficient for the fourth quarter is highly significant, as is that obtained 
by treating all the quarterly averages together, and since this latter value lies close to the mean 
of the four quarterly values it may be assumed that this represents approximately the effect of 
temperature on the oxygen content of the water at this point. 


London Bridge, Table 56(b), p. 133 


The data of Table 56(b) show a rather smaller effect of flow at London Bridge than at 5 miles 
above, but the effect is still large and highly significant. An increase of 1000 m.g.d. is associated 
with an increase of over 13 per cent saturation in the oxygen content, and a rise of 1 degC with a 
fall of 2 per cent. The difference in oxygen content associated with the highest and lowest quarterly 
averages of flow was 56 per cent saturation and the corresponding figure for the highest and lowest 
temperatures was 31 per cent. The two effects act in conjunction, since low flows occur mainly in 
hot weather and high flows during winter. The highest and lowest quarterly averages of the observed 
oxygen content were 82-0 and 12-0 per cent respectively, while the corresponding values given 
by the regression equation based on the final column of Table 56(b) were 83-3 and 13-6 per cent. 
The regression equation accounts for 93 per cent of the variance of the quarterly averages. 
Examination of the temperature coefficients (by 7g) in each quarter suggests that the effect of 
temperature on the oxygen content decreases as the temperature rises. 


Ten miles below London Bridge, Table 56(c), p. 134 


On proceeding 10 miles downstream, the coefficient relating the oxygen content to the flow 
decreases again. ‘The association with temperature is found to be appreciably greater when 
considering the variations among corresponding quarters than when all quarters are treated 
together. This suggests that there is some systematic difference between the quarters (see p. 149). 
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Twenty-five miles below London Bridge, Table 57(a), p. 135 


All the data for 1920-1952 have been used in the analysis relating to 25 miles below London 
Bridge. When all quarters of the year are treated together, the effect of flow on the oxygen content 
is still significant although it is less than 2 per cent per 1000 m.g.d.; when treating the quarters 
separately, the effect is found to be significant only in the first quarters—although the values for all 
four quarters are consistent with that found when the quarters are treated together. The relation 
with temperature is uncertain, being significant in third quarters only. 


Thirty-five miles below London Bridge, Table 57(b), p. 136 


The general level of the oxygen content 35 miles below London Bridge was falling fairly 
steadily throughout the period covered by the analysis, except that the deterioration up to about 
1930 was very slight and that the wartime dumping of L.C.C. sewage sludge and P.L.A. dredgings 
in the neighbourhood of Mucking temporarily caused a further lowering of the oxygen level (see 
p- 163). Accordingly, the time term has been introduced linearly throughout the period but the data 
for 1941-45 have been omitted from the analysis. For the first time the total-correlation coefficients 
Yyg are without significance, apart from that in the last column in the table—and this relation 
loses its significance when allowance is made for the effects of temperature and time (byg 7). 
The levels of significance of the coefficients in the partial regression equations show that a tem- 
perature effect suggested by the values of 7j-7 is almost entirely the result of the association between 
temperature and time (77,); the effect of temperature at this point is further considered on p. 147. 
The time coefficients have an average value of about —0-7 per cent saturation per year which leads 
to a deterioration of some 20 per cent saturation from 1920 to 1952 (see also Fig. 88, p. 161). 


The minimum dissolved-oxygen content, Table 57(c), p. 137 


The same methods have been used in dealing with the data for the sag-curve minimum. The flow 
coefficients are seen to vary between about 2 and 4 per cent saturation per 1000 m.g.d. To examine 
whether the relation between flow and minimum dissolved oxygen has changed, the period from 
1920 to 1959 was divided into groups of five years, and linear regression of the minimum dissolved 
oxygen on the flow was carried out for each group. A typical result is shown in Fig. 70(a) and all 
the regression lines are shown together in Fig. 70(b) where the extent of each line indicates the 
range of quarterly flows encountered in the group. The slope of the line for 1920-24 is very small; 
this is partly due to the value for the last quarter of 1924 when, with a flow of 3030 m.g.d., the 
minimum content of oxygen was 5-8 per cent saturation—a value which would not have been 
expected with that flow until nearly 30 years later. No explanation of this low value has been found. 
From 1925 to 1944 the relation between oxygen and flow was nearly constant and there was no 
appreciable deterioration (presumably because the reserve of nitrate was seldom fully utilized). 
Since 1944, however, the general level has fallen greatly. 

It can be seen from Table 57(c), that between corresponding quarters there appears to be 
a temperature coefficient of about — } per cent per degC, but the coefficients are not significant except 
in third quarters, and the coefficient becomes almost zero when variations between different quarters 
of the year are considered (by treating all quarters together). This is confirmed by Fig. 70(a) where 
the four quarters are distinguished by the use of different symbols. However, in third quarters the 
temperature coefficient is significant at the 0-1 per cent level; raising the temperature by 1 degC 
lowers the oxygen content by 1+} per cent saturation. 
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Fic. 70. Relation between quarterly averages of flow at Teddington and minimum concentration of dissolved 
oxygen in estuary during (a) 1935-39, (6) 1920-1962 
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The position of the minimum 


It is of interest, at this point, to examine how the position of the sag-curve minimum is related 
to the flow at Teddington. The relation is shown by Fig. 71 where the curve has been obtained 
by partial regression of the position on the flow and the square of the flow. No point has been 
plotted when part of the estuary was anaerobic throughout the quarter, and the values from the 
last quarter of 1959 to that of 1962 (though included in the diagram where they are distinguished 
by crosses) were excluded from the regression analysis as they were not available when the 
calculations were made. Although the plotted points are very scattered (largely because of the 
difficulty in deciding the precise position of the minimum for curves which are almost horizontal 
over a number of miles), the general influence of fresh-water flow is clear—the minimum moving 
from roughly 10 miles below London Bridge when the flow is very small, to nearly 20 miles when 
it is very great. The effect of changes in fresh-water flow on the predicted position of the sag-curve 
minimum in the first quarter of 1964—shown in Fig. 280 (p. 512)—is found to be in satisfactory 
agreement with the curve drawn in Fig. 71. 
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Fic. 71. Relation between position of minimum of sag curve and flow at Teddington. Quarterly 
averages 1920-1962 
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The reach, extending 25 miles seaward from London Bridge, Table 57(d), p. 138 


In dealing with the average concentration of dissolved oxygen in a reach of the estuary, rather 
than with the concentration at a single point, random errors in the sag curve (arising from possible 
errors in sampling, analysis, curve fitting, and the like), and fluctuations due to local variations in 
the estuary, may be expected to have less effect. The reliability of the results of the regression 
analysis should therefore be greater for the reach than for the individual points in the reach, provided 
that the true relations between oxygen content and flow, temperature, and time, are linear. The 
results of the analysis for the reach extending 25 miles seaward from London Bridge are shown in 
Table 57(d). 

The values of k? show that, in all cases, 90 to 95 per cent of the variance of the quarterly averages 
of oxygen content can be associated with linear variations in flow, temperature, and time. The 
effects of flow (byg 7) and of time (by,97) are seen to be highly significant, but the effect of 
temperature (by7_¢;) is uncertain. 

The flow coefficients for the first, second, and fourth quarters are consistent with each other 
and with the value obtained when the variations between quarters are considered. The coefficient 
for the third quarter is significantly lower than for the other quarters; this is probably due to the 


frequent occasions in summer when a part of this reach was devoid of dissolved oxygen, and also 
to the effects of nitrate reduction. 
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The temperature coefficients for the separate quarters have an average value of about —0-7 
per cent per degC, and the value obtained when all the quarters are taken together is —0-4 per 
cent per degC. The effect of temperature is therefore small. 

In the early stages of this statistical work, when the curves for 1920-29 only were being examined, 
the possibility that there might be a delay in the effect of a change in flow at Teddington on the 
mean oxygen content of this reach was examined. Regressions of oxygen on flow were calculated 
with and without the introduction of a time-lag. In addition to the same quarters being used in 
determining the averages of oxygen and flow, the flow was averaged over a quarter, starting first 
7 and then 14 days earlier than the quarter over which the oxygen was averaged. A measure of the 
goodness of fit is the root-mean-square of the differences between the observed values and those 
given by substituting the flows in the regression equations. The result of this analysis is shown in 
Table 58 and is inconclusive. 


Table 58. Root-mean-square values of errors in prediction of oxygen content, at 
half-tide, in reach extending 25 miles downstream from London Bridge, in 1920-29, 
assuming different time-lags in effect of flow on oxygen content 

















Root-mean-square error in prediction (per cent saturation) 
Time-lag 
(days) 
Ist Quarters | 2nd Quarters | 3rd Quarters | 4th Quarters Year 
0 1-4 1°5 1°5 2p) 1:7 
aq 1-9 ies) 1-6 23 1-8 
14 1-0 1lo7 1:8 Dies 1:8 

















If such a time-lag did exist, it might, to some extent, mask the effect of temperature on oxygen 
content. The errors in prediction used in deriving Table 58 were plotted against the deviations of 
temperature from the average values for corresponding quarters of the whole decade, but this did 
not show any increase in the significance of the effect of temperature. 

The effect of wind was also studied. When winds are strong, disturbance of the water surface 
may be expected to lead to a greater rate of oxygenation than during a period of calm (pp. 368-369). 
Values of the ‘total wind’ at Greenwich—that is the integral of the wind speed with respect to time— 
taken over each period of three months in 1920-29 were obtained from the Air Ministry. No 
relation was found on plotting the oxygen deviations against the total wind deviations for the 
corresponding quarters. The effect of wind was later studied in more detail (pp. 360-364). 


EFFECTS OF CHANGES IN FLOW 


Examination of the values of by gp in Table 56 and by¢.7, in Table 57, and of the standard 
errors of these coefficients, shows that there is generally no significant difference between the 
magnitudes of the effect of flow on dissolved oxygen in the four quarters of the year, and that the 
values of the flow coefficient when all quarters are treated together are consistent with those found 
when they are treated separately. These generalizations do not apply 10 miles below London Bridge, 
or for the reach extending 25 miles seaward from London Bridge, owing to the effects of restricted 
nitrification, nitrate reduction, and anaerobic conditions. 

In Fig. 72 the flow coefficients found by taking all quarters together are plotted against position 
in the estuary. A straight line has been fitted (by the method of least squares) to the four points 
from 5 miles above to 25 miles below London Bridge, each point being given a statistical weight 
inversely proportional to its standard error of estimate. If the true relation is linear, then plotting 
the coefficient obtained for the reach from 0 to 25 miles below at 124 miles below London Bridge, 
the plotted point should lie close to the straight line; this is seen to be so. 


Small changes in summer flow 


In considering what increases in flow might be practicable in order to improve the condition of 
the estuary, it is of interest to examine the effect of small changes in the flow at Teddington in the 
summer months. Broadly speaking, the flow coefficients given for third quarters in Tables 56 
and 57 are applicable, since the range of third-quarter flows is small enough for their effect to be 
considered linear. Changes in summer flows, however, have their greatest effect in the upper reaches 
of the estuary, and no statistical analysis was carried out for points more than 5 miles above London 
Bridge owing to lack of data. In Fig. 73 the third-quarter averages of dissolved oxygen immediately 
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above Teddington Weir, 10 miles above London Bridge, and at London Bridge during 1944-1962 
are plotted against the corresponding values of the flow at Teddington. It is seen that at the first 
and last of these points there is no marked relation between flow and dissolved oxygen, but that 10 
miles above London Bridge the oxygen content increases with increasing flow. Nevertheless, even 
at this point, where changes in flow are likely to have their maximum effect, an increase of, say, 
100 m.g.d. would not have any large beneficial effect (see also pp. 520-521). 
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1944-1962 , 


Variations in oxygen content at Teddington 


The oxygen content of the upper reaches may be expected to depend, to a large extent, on the 
oxygen content of the water entering the head of the estuary over Teddington Weir. In Fig. 74 
the dissolved oxygen 10 miles above London Bridge, and at London Bridge, is plotted against the 
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corresponding value above Teddington Weir*. It is seen that the oxygen content 10 miles above 
London Bridge tends to increase with that at Teddington. 

The oxygen content at Teddington does not appear to be closely related to the flow but is 
subject both to seasonal variations and to long-term changes; this is shown in Fig. 75. The annual 
average generally lies between 90 and 100 per cent saturation. The first year in which either the 
annual or the third-quarter average exceeded the saturation value was 1959; the summer was 
exceptionally sunny and very great changes in dissolved oxygen were observed—for instance, on 
10th August and 17th September the oxygen content was 102 per cent saturation, while on 24th and 
25th August it was as high as 240 per cent. When a high degree of supersaturation occurs it is the 
result of the photosynthetic production of oxygen, and large fluctuations are found over a period of 
a few hours. 
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Fic. 75. Quarterly and yearly averages of dissolved oxygen immediately above Teddington Weir 


(1943-1961, L.C.C. data; 1962, Thames Conservancy data) 


Summary 


From the graphical and statistical examination of the oxygen data for Teddington to Southend 
over the period from 1920 to 1962 it is concluded that increasing the flow at Teddington: 


1. 
Ze 


6. 


Raises the minimum oxygen level by 2 to 4 per cent saturation for each 1000 m.g.d. 


Displaces the minimum in a seaward direction—on average from 10 miles below London 
Bridge at half-tide for very low flows, to nearly 20 when the flow is very great. 


Makes the trough of the sag curve narrower. 


Diminishes the volume of water containing less than a given concentration of dissolved 
oxygen. 

Raises the dissolved oxygen content at all points from at least 10 miles above London 
Bridge to 25 miles below at half-tide—except that even a comparatively large increase in 
flow may have no effect on the oxygen content in the middle of a long reach initially 
devoid of oxygen. The flow coefficient falls off linearly with the distance, from 5 miles 
above London Bridge (where it amounts to some 17—20 per cent saturation per 1000 m.g.d.) 
to zero about 30 miles below London Bridge. The effect is approximately the same in all 
quarters of the year, except that the coefficient is smaller in the central reaches during 
third quarters when dissolved oxygen has frequently been absent. Upstream from London 
Bridge the relation is non-linear for flows above 1000 m.g.d. since at high flows saturation 
is approached. 


Has no detectable effect more than 30 miles below London Bridge at half-tide. 


7. Has little effect at any point in the estuary when the change in flow is as small as 100 m.g.d. 


The predicted effects of changes in flow are discussed on pp. 491-493 and 520-521. 


* The dissolved-oxygen content of the water immediately below Teddington Weir is much nearer to saturation than 
that immediately above (pp. 335-336). 
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EFFECTS OF CHANGES IN TEMPERATURE 


As has already been pointed out, the effect of temperature on the dissolved-oxygen content of 
the water is very difficult to assess. Seasonal variations—probably associated with the growth and 
decay of phytoplankton (Fig. 102, p. 175)—make it difficult to determine precisely the effect of 
temperature when all quarters of the year are considered in the same analysis. In such an analysis, 
differences between the oxygen content in second and fourth quarters under the same conditions 
of flow and temperature obscure the direct effect of temperature differences between summer and 
winter. It is partly for this reason that in Tables 56 and 57 (pp. 132-138) the results are shown for 
corresponding quarters treated separately as well as all taken together. On the other hand, the 
statistical method using quarterly averages was largely unsatisfactory, since the temperature 
differences between corresponding quarters of different years were so small that the results are not 
generally statistically significant unless the effect of temperature is very great. 

The temperature coefficients for each point in the estuary considered in Tables 56 and 57 are 
plotted diagrammatically in Fig. 76, together with the standard errors of estimate. ‘To show the 
coefficients for corresponding quarters, as well as for the data as a whole, the values for a given 
point in the estuary have been spread over a range of two miles on the horizontal scale. A broken 
line joins the coefficients relating to all the data. From the distribution of the points with respect 
to the zero line it appears that over the reaches where there has been found to be an effect of flow 
there is also one of temperature, and that this effect is such that the oxygen content of the estuary 
(expressed as a percentage of the saturation value) falls as the temperature rises. It may be noted 
that, in the years examined, the standard deviation of the temperature differences between 
corresponding quarters was about 1-3 degC; consequently a coefficient of —1 per cent saturation 
per degC would give rise to variation with a standard deviation of only 1-3 per cent saturation 
about the mean oxygen level for those quarters. The same coefficient, however, would lead to an 
average difference of some 12 per cent between first and third quarters. 
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Fic. 76. Changes in dissolved oxygen (per cent saturation) associated with increase of 1 degC in 
temperature, or values of by 7g or by 7g; from Tables 56 and 57 (pp. 132-138) 


Vertical strokes show standard errors 
Point plotted 123 miles below London Bridge is for reach from 0 to 25 miles below 


The effect of temperature, when using the results of the regression analysis, is shown by 
Fig. 77 (a) and (b); the former is for a flow at Teddington of 500 m.g.d. and the latter for one of 
1500 m.g.d., the temperatures used being 8, 12-5, 17-5, and 22°C. These curves relate to average 
conditions aise 1920-1934 and were drawn frora the rene given by the regression equations for 
points —5, 0, 10, 25, and 35 miles below London Bridge at half-tide. It is evident that, during this 
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period, temperature had a large effect on dissolved oxygen in the upper part of the estuary, but not 
in the lower reaches. A similar result is found from the calculations described on pp. 521-522 and 
shown in Fig. 287(a); the temperature coefficients, obtained by considering the extreme temperatures 
used in the calculations, are —2-3 and —0-5 per cent per degC for positions 6 miles above, and 
35 miles below London Bridge respectively—values compatible with the curves shown in Fig. 77(a). 

When examining the effect of temperature on dissolved oxygen, it is perhaps more satisfactory 
to use data for individual days, since sufficient figures are then available to give results that are 
statistically significant. ‘This has been done for the 5-year period 1951-55; the results are shown in 
Fig. 77(c and d) which were based on some 1340 individual oxygen figures. For convenience of 
comparison, the extent covered by these curves has been restricted to that of (a) and (b) although 
the data are available for a greater length of the estuary. On comparing (a) and (c) a marked 
difference in the effect of temperature is found in the lower reaches of the estuary. This is attributed 
to effects arising from the frequent occurrence of anaerobic conditions during the period to which 
the two lower curves refer. The general levels of oxygenation in (b) and (d) are similar, and in each 
case the temperature effect is small in the lower reaches. 
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Fic. 77. Variation in dissolved oxygen with temperature 
(a) and (b) Curves interpolated for 1920-1934 from regression analysis of observed data 


(c) and (d) Average curves based on individual observations in 1951-55 relating to stated . 
ranges of flow at Teddington and of temperature 


The larger temperature coefficients, obtained by examining figures relating to a period when 
anaerobic conditions were prevalent in the middle reaches, are seen in Fig. 78, in which the 
individual data relating to 35 miles below London Bridge at half-tide are plotted for all the 
Laboratory’s surveys made during 1953-54. Different symbols are used to distinguish data relating 
to each of the four quarters of the year, and regression lines have been drawn for each of these 
quarters. No allowance has been made for any effect of fresh-water flow; it is believed, however, 
that the effect of flow is small in comparison with that of temperature at this point in the estuary. 
This is fortunate, as any allowance for flow would probably be both arbitrary and inadequate since 
the oxygen content on individual days will clearly not be closely dependent on the flow at 
Teddington on the same day. | 
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Fic. 78. Relation between dissolved oxygen and temperature 35 miles below 
London Bridge at half-tide on individual days in 1953-54 


Regression line for each quarter indicated by number 
Thick continuous line obtained from all individual data and broken line from quarterly averages 


While the highest values of dissolved oxygen in Fig. 78 generally tend to occur in second 
quarters (no doubt as a result of photosynthesis) the temperature coefficient in each quarter is seen 
to be of the same order of magnitude, and the average for the four quarters is — 2-6 per cent saturation 
per degC, or over three times the average for the four quarters in ‘Table 57(b) (p. 136). The 
continuous line extending over the complete temperature range is the result of linear regression of 
oxygen content on temperature when all the data are considered. The more gentle slope of this 
line, —1-5 per cent per degC, arises from the large difference in conditions during second and 
fourth quarters for which the temperature ranges are similar, and this coefficient may be compared 
with that of —1-2 per cent per degC which is obtained from the curves for 500 m.g.d. in Fig. 269 
(p. 492). The broken line in Fig. 78 shows the result of carrying out a regression using the eight 
quarterly averages, and it is seen that this line is almost the same as when the individual data are 
used. 

It is evident, therefore, that the relation between temperature and dissolved oxygen 35 miles 
below London Bridge is noticeably more marked when anaerobic conditions prevail in the middle 
reaches than when the estuary is aerobic throughout. 


Summary 


It would appear, from the results of the statistical analysis of the 1920-1952 data, that when 
the dissolved-oxygen content is expressed as a percentage of the saturation concentration: 


1. In the central and upper reaches there is a pronounced negative association between 
oxygen content and temperature. 


2. ‘The effect is greatest around London Bridge, where the temperature coefficient is of the 
order of —2 per cent saturation per degC. 


3. At the sag-curve minimum, variations between corresponding quarters suggest an average 
temperature coefficient of about —4 per cent saturation per degC, but the variations 
between the different quarters of the year lead to a negligible coefficient. During third 
quarters there is a coefficient of —1 per cent per degC. 


4. In the lower reaches, the effect of temperature is small when examining the quarterly 
averages for 1920-1952 but appreciably greater when examining quarterly averages, or 
data for individual days, in recent years. 


Owing to the various complicating factors mentioned above, the statistical examination of the 
effects of changes in temperature cannot be considered to be as satisfactory as that of changes in 
flow. The effects expected on theoretical grounds are discussed on pp. 491-493, and are compared 
with those observed in Fig. 269 (p. 492). 
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SEASONAL VARIATIONS IN DISSOLVED OXYGEN 


There are seasonal variations in the level of dissolved oxygen in the estuary that cannot be 
attributed to effects of flow or temperature. So far only the coefficients b in Tables 56 and 57 (pp. 
132-138) have been compared, but the general level of oxygen content also involves the coefficient a. 
The most satisfactory method of comparing the levels of dissolved-oxygen content in the four 
quarters is to use the regression equation for all the quarterly averages treated together, to insert 
the grand quarterly mean values of flow and temperature for each of the four quarters in turn, and 
to compare the resulting grand quarterly mean of the oxygen content with the observed value. 
Thus if Y, OQ, and T are the observed mean values of all the data available for first quarters, then 
the predicted value of Y is given by Y’ = a + byg7Q+ bypoT. The departure from 
prediction, Y—Y’, is then compared with its standard error, o7_y , and hence the significance of 
any difference in the level of the oxygen content between the quarters is found; of_} is equal to 
Gy_y |1/n, provided that oy_y is independent of Y. The results of such an analysis (assuming 
this independence) are shown in Table 59. In calculating this table all the figures were evaluated 
to two places of decimals; the subsequent rounding off leads to slight discrepancies. 


Table 59. Comparison of observed and predicted grand quarterly 
averages of dissolved oxygen (per cent saturation) during 1920-1934 
and 1920-1952, using regression equations whose coefficients are given 
in the last columns of each section of Tables 56 and 57 (pp. 132-138) 

















Observed Predicted Difference = = 
= = a 1y—yY1 
Quarter 7 Y £ opp y-Yy 
OF _y 
(a) 1920-1934 
5 miles above London Bridge 
1 74-0 72:6 + 2:4 +1-3 0-6 
2 50:3 AJ“h +- 19 +2:°8 1-4 
3 27-7 28-2 +1-9 —0°5 0-3 
4 52°9 55-8 +1:-9 —2-9 1°5 
London Bridge 
1 65°6 63-9 +1-4 +1-8 1-3 
2 B52 7 337624: 4 +2:-1 1°5 
3 17-8 17-8 41:5 —0-0 0-0 
+ 41-0 44-7+1-4 —3-7 IF 
10 miles below London Bridge 
il 30:5 27-6 + 1-1 +2°9 2:6 
a 11-0 12-6 41-1 —1-6 1°5 
3 5:4 3:-4+1-1 +2-0 1:8 
4 13-0 16-2 +1-1 —3-3 3-0 
(6) 1920-1952 
25 miles below London Bridge 
1 19-5 19-3 -+ 0-7 +0-2 0-2 
2 16-6 15-8 +0-7 +0:7 1:0 
3 14:0 to Ue +0-2 0-3 
4 15-7 16-8 40-7 —1-1 1°5 
35 miles below London Bridge 
1 66:6 67°34. 1°3 —0-6 0-4 
Z 68-6 64-8 +1-2 +3-7 3-0 
3 61-4 63-04 1-2 —1-6 1-3 
+ 64-3 659) 1-2 —1-6 1-3 
The point of minimum oxygen content 
1 10-8 10:3 40-4 +0°-5 152 
2 5-7 5*5 +0-4 +0-2 0-6 
3 3-3 3-0+0-4 +0-3 0:8 
+ 5:6 6-6 +0°4 —1-0 2:6 
The reach from London Bridge to 25 miles below 
1 28-4 26:6 + 0-4 +1:-7 4-0 
-5+0-4 “5 1-1 
-5+40-4 -0 2:4 
0+0-4 : 5:2 
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It is seen that in each case, except that for 35 miles below London Bridge, the difference Y—Y’ 
is positive in the first quarters and negative in the fourth, and that at the first three points, after 
allowance has been made for linear effects of flow and temperature, the oxygen content of the 
estuary in first quarters exceeds that in fourth quarters by an average of about 5 per cent saturation. 
Since first and fourth quarters are adjacent when the averages of both flow and oxygen content for 
the four quarters are placed in order of magnitude, and since there is no consistent difference 
between the coefficients of flow and temperature for these two quarters, it is improbable thatthe 
difference in oxygen content is attributable to the true relations between flow and oxygen content, 
and between temperature and oxygen content, being non-linear. 

Table 59 shows also that, between second and fourth quarters, this seasonal difference amounts 
to 5 or 6 per cent saturation at the points 5 miles above, at, and 35 miles below London Bridge. 
At these points the values of Y all exceed 35 per cent saturation, so that no serious complications 
are likely to arise from the inclusion of figures of zero dissolved oxygen or from local effects of 
retarded nitrification or of nitrate reduction. For the remaining points (and the reach) shown in 
Table 59, the seasonal difference between second and fourth quarters amounts to only 1 or 2 per 
cent saturation; however, the values of Y all lie below 17 per cent so that changes which might 
otherwise tend to occur may be expected to be offset by the effects mentioned above. 

It is reasonable to suppose that these differences are associated, at least in part, with photo- 
synthesis (particularly in second quarters), and with the decay of phytoplankton. This is discussed 
more fully on pp. 343-345. 

An analysis of the deviations of the plotted points from the curve in Fig. 71 (p. 142) suggests 
that, after allowing for effects of flow, the sag-curve minimum lies about 4 mile further down- 
stream in the winter than the summer, but this distance is too small to be considered significant of 
a seasonal variation in position. 


Summary 

It is concluded from Table 59 that, after allowing for the seasonal variations in the level 
of dissolved oxygen in the estuary which can be attributed to linear effects of flow, 
temperature, or time: 


1. Throughout the greater part of the estuary the level of dissolved oxygen is appreciably lower 
in the fourth than in the other quarters: 
(a) For London Bridge, 5 miles above, and 10 miles below, at half-tide, the average difference 
between fourth and first quarters is 5 per cent saturation. 


(b) For the reach from London Bridge to 25 miles below, the figure is 4 per cent. 


c) At the sag-curve minimum there is roughly 14-11 per cent less oxygen present in the 
g gily 14g—-1zg Pp ygen p 
fourth quarter than in each of the other quarters. 


2. ‘The highest oxygen levels generally occur in the second quarter and the lowest in the fourth. 


3. At 35 miles below London Bridge at half-tide, the first, third, and fourth quarters show the 
same level of dissolved oxygen to about 1 per cent saturation. The second quarter shows a 
higher level by 5 per cent. From inspection of the sag curves it is found that this effect persists 
for at least another 10 miles downstream. 


4. Changes in dissolved oxygen are likely to be associated largely with the growth and decay of 
phytoplankton. 

5. Retarded oxidation of oxidizable nitrogen compounds, and occurrence of anaerobic conditions 
in the middle reaches of the estuary, will tend to obscure the seasonal variations that would 
be likely to occur if the oxygen level were higher. 


ANAEROBIC CONDITIONS 


It has been pointed out several times in this chapter that the statistical methods used in 
examining the oxygen data are unsatisfactory when part of the estuary becomes anaerobic. In 
studying the frequency and extent of anaerobic conditions different methods must therefore be 
employed. 

The offensive state of the estuary under anaerobic conditions was the chief reason for making 
the present investigation (p. 1); the sulphide concentration is a measure of this offensiveness, 
and consequently, in the discussion which follows, this factor is also examined. 

It is supposed that any standards for purity of effluents to be discharged into the Thames 
Estuary in the future will be such that, if they are adhered to, anaerobic conditions will never exist 
for long at any point'?. Day-to-day variations in the degree of agitation of the surface of the water, 
and other factors, will cause;the oxygen level to fluctuate about its mean value during any period, 
even when the fresh-water flow and polluting load are steady. Thus if, for example, the standards 
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were such that the minimum oxygen level, as calculated using the average value of the rate of 
solution of oxygen, were 10 per cent saturation, then it is to be expected that anaerobic conditions 
would exist for some of the time. It is therefore important to examine the relation between the 


average minimum oxygen content and the frequency with which complete absence of dissolved 
oxygen may be expected. 


FREQUENCY OFsOCCURRENCE 


Absence of oxygen 


Until 1947 there was no reach of the estuary entirely devoid of dissolved oxygen throughout 
the July-September quarter, but certainly as early as 1920 the analyses of the L.C.C. had shown 
dissolved oxygen to be absent from particular points in the estuary for some part of the year. For 
the period before 1947, a measure of the frequency of anaerobic conditions is obtained by considering 
the data for the estuary off Southern Outfall at low water (for which the equivalent half-tide position 
is about 9} miles below London Bridge) since the sag-curve minimum is found near this point at 
times of low fresh-water flow (Fig. 71, p. 142). In recent years, however, anaerobic conditions 
have sometimes existed even when the flow has been above the annual average value, and as the 
sag-curve minimum occurs further downstream the higher the flow, oxygen has occasionally been 
present off Southern Outfall at low water, but absent a few miles seaward. 

In Table 60 are shown the average values of the oxygen content and the frequency with which 
figures of less than 1 per cent saturation were recorded off Southern Outfall at low water during 
each quarter of selected years, together with the flow at Teddington. It may be seen that as far back 
as 1921, over half the determinations of dissolved oxygen at this station in the third quarter gave 
results of zero, and that during the corresponding period of 1934 this proportion was 96 per cent; 
both quarters were dry and followed periods of nine months in which the rainfall was about 40 per 
cent below average. 

These results from Table 60 are shown graphically in Fig. 79(a) where the percentage of deter- 
minations that gave values of less than 1 per cent saturation are plotted against the average flow at 
Teddington for the quarter. Separate symbols are used for the quarterly averages during five 
different periods, and a curve has been drawn by eye through the points of each group. 
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Fic. 79. Percentage of determinations off Southern Outfall at low water with (a) values of dissolved 
oxygen less than 1 per cent saturation, and (b) sulphide present 


Data from Table 60 


Although the scatter of the points is great, the general picture is clear: the lower the flow at 
Teddington the more frequently these very low or zero oxygen figures occur; the proportion of 
low values for the oxygen content increased markedly from the first to the second period, and from 
the second to. the third, but, following the commissioning of the diffused-air r plant at Northern 
Outfall Sewage Works at the end of 1959, the trend has been reversed. 
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Table 60. Quarterly average concentrations of dissolved oxygen and total sulphide off Southern Outfall 
at low water during selected periods, and frequency of occurrence of zero (and near zero) oxygen content 
and of measurable concentrations of sulphide (L.C.C. data) 







































































‘ Percentage of determinations Percentage 
Average concentration of showing oxygen content to be of pay 
Flow at minations 
Year Quarter Teddington ; showing 
(m.g.d.) dissolved total a trace to less than sulphide 
ps 2 we. sulphide zero 0-9 per cent | I per cent to be 
ene (p.p.m.) saturation saturation present 
1921 1 1617 £9257; 0 0 0 
2 333 9-4 3 0 3 
3 84 3-0 55 5 60 
4 178 1-8 44 9 53 
1925 1 3783 48-3 0 0 0 
2 1205 8-1 6 3 9 
3 543 3-8 ai/ 8 45 
“ 4 1747 14-4 5 10 15 
1931 1 2077 30-2 0 0 0 
Be 1513 Wes: 0 0 0 
3 1192 62S 0 0 0 
4 1398 11:4 4 0 4 
1934 1 497 {poy 61 9 70 
Zz 278 0:8 75 3 78 
3 62 0-2 96 0 96 
4 716 3-6 71 6 77 
1939 1 3160 CeO y 0 0 0 
2 1250 3-8 23 21 44 
3 497 0:8 49 25 75 
4 2296 19-4 5 10 15 
1944 1 504 i? 25 43 68 
» 214 0-2 71 16 87 
3 96 7392 28 14 42 
4 1348 6:7 5 5 11 
1946 1 1840 9:6 0 22 22: 
2 684 1-4 27 2D) 49 
3 677 1-4 45 13 58 
4 2148 18-4 23 15 38 
1949 1 1487 6:7 6 31 37 
2 3/9 0-5 74 13 87 
3 96 nil 100 0 100 
4 1146 1:8 25 A7 42 
1951 1 4335 39-2 nil 0 2, 2 0 
2 2238 11-1 0-1 us 9 24 17 
3 574 nil 1-7 100 0 100 100 
4 2281 11°3 boa 47 6 53 46 
1952 1 2138 9-4 0 25 25 0 
2 1228 1-4 0-2 46 22 68 44 
3 286 0-0 TE 7 99 0 99 100 
4 1603 7:0 03 61 6 67 60 
1953 a 1595 4-7 0-1 30 32 62 29 
2 594 0-1 hou! 83 16 99 83 
3 225 nil 4-3 100 0 100 97 
4 669 nil 2:9 100 0 100 100 
1954 1 1347 3-6 0-3 32 17, 49 33 
2 993 0-2 0-6 87 6 93 85 
3 506 | 0-2 1-0 96 1 oF 96 
4 2574 15-2 0:5 51 12 63 52 
1955 1 2299 5-2 0-0 8 6 14 2 
2 1264 0-4 0-2 59 28 87 ae 
3 312 nil 3°6 100 0 100 100 
4 579 nil 220) 100 0 100 100 
1956 1 1465 5°5 0-1 38 26 64 34 
2 406 nil 1:8 100 0 100 100 
3 438 nil 1-4 100 0 100 99 
4 $01 0-3 0-8 94 0 94 94 
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Table 60 (continued) 



































Average concentration of Percentage of determinations Percentage 
showing oxygen content to be of deter- 
Flow at minations 
Year Quarter Teddington : showing 
(m.g.d.) eiavia total a trace to less than sulphide 
( Ki . she sulphide zero 0-9 per cent | I per cent to be 
ae Sept (p.p.m.) saturation saturation present 
| 
1957 1 2574 12:°4 0-0 8 16 24 8 
2 608 0-4 0:7 72 15 87 71 
3 328 nil 3-1 100 0 100 100 
+ 1116 0-8 1°3 i, 10 82 66 
1958 1 2455 11-6 0-0 12 13 25 4 
Pe 1015 2-8 0:2 49 18 67 42 
S 729 0-4 0:5 78 8 86 81 
4 2460 9-4 0-1 13 18 31 13 
1959 1 2937 22°3 0-0 2 7 9 Q 
2, 1086 0:5 0-1 62 17 79 50 
3 295 nil 1-8 100 0 100 100 
4 780 1-5 ILS | 75 9 84 71 
1960 1 2465 16-4 nil 0 5 5 0 
2 7) 2°4 0-1 41 8 49 30 
3 598 2:0 0-4 59 16 Ths 59 
+ 4413 38-4 0:2 7 5 12 2 
1961 1 3174 31-0 nil 0 1 1 0 
2 1290 3-0 0-0 18 21 39 19 
3 317 0:6 0:4 88 5 93 88 
4 723 1-0 0:6 57 23 80 57 
1962 1 2334 18:8 nil 5 22 27 0 
2 735 2:0 0-0 16 36 52 10 
3 284 1:5 0-1 53 24 77 44 
4 870 0:4 0-1 66 28 94 47 














In Fig. 80(a) the quarterly average values of the oxygen content for each quarter listed in Table 
60 are plotted against the percentage frequency of readings of zero oxygen content—but with the 
omission of those quarters in which the average was less than 0-3 per cent saturation; a logarithmic 
dissolved-oxygen scale is used since it is found, empirically, that the points are then scattered about 
a straight line. The five or six points lying well away from the others are all for fourth quarters 
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Fic. 80. Relation between quarterly averages of dissolved oxygen off Southern Outfall at low water and 
frequency of (a) absence of oxygen and (6) presence of sulphide 


Data from Table 60 
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during which the flow increased by several thousand m.g.d.; at the beginning of these quarters 
anaerobic conditions existed, so that there are many readings of zero dissolved oxygen although the 
mean values are moderately high. 

Although Fig. 80(a) shows the general relation between quarterly averages of dissolved oxygen 
and the frequency of zero values of dissolved oxygen within the quarters, it is evident that this 
relation is far from precise. For instance, when the average is about 7 per cent saturation, the 
frequency may be anything from 0 to 60 per cent. Nevertheless, the straight line is a useful indication 
of the frequency of anaerobic conditions to be expected for any particular quarterly average of the 
minimum oxygen content in the future. 


Presence of sulphide 


Also shown in Table 60 are the average concentrations of total sulphide at the same point in 
the estuary, and the frequency of occurrence of measurable concentrations of sulphide; this property 
has been determined only since 1951, but it may be mentioned that the presence of sulphide was 
noted during the hot dry summer of 193418. ‘The frequency of occurrence of sulphide in 1951-1962 
is plotted in Fig. 79(b) where the general form of the curves drawn through the plotted points is 
similar to that of the curves in Fig. 79(a). 

The relation between the quarterly averages of dissolved oxygen off Southern Outfall at low 
water in 1951-1962, and the percentage of the samples that were found to contain sulphide, is shown 
in Fig. 80(b). A straight line has been drawn to pass through the same points as in (a); the two 
distributions are very similar. In Fig. 81 the percentage of determinations (during each quarter in 
the same period) showing sulphide to be present is plotted against the corresponding percentage 
showing dissolved oxygen to be absent. This diagram suggests that sulphide is present whenever 
oxygen is absent; there may, however, be a delay between the onset of anaerobic conditions and the 
appearance of sulphide, and a corresponding delay between the re-appearance of oxygen and the 
disappearance of sulphide (see pp. 188-193). ‘ | 
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Fic. 81. Relation between percentages of determinations 

showing absence of dissolved oxygen and presence of 

sulphide in samples taken during periods of three months 
in 1951-1962 off Southern Outfall at low water 


Data from Table 60 


EXTENT OF ANAEROBIC REACH DURING 1952 AND 1953 


All the figures obtained by the L.C.C. for dissolved oxygen throughout the estuary in 1945-1962 
were examined. ‘The results for 1952 are selected for further detailed study, but the analysis which 
follows could have been used equally well for any other year. In Fig. 82 the approximate extent of 
the anaerobic reach, plotted against the date, is shown by the hatched areas. The result of each 
individual determination is shown by one of three symbols indicating the degree of oxygenation. 
As sampling at a given position has, in recent years, usually been at particular stages of the tidal 
cycle, and as the adjustment to half-tide for individual samples may be in error by more than a mile 
(p. 9), the procedure was’ simplified by plotting the results at the average half-tide position 
appropriate to all similar samples taken during each quarter. The daily values for the flow at 
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‘Fic. 82. Occurrence of anaerobic conditions at half-tide throughout 1952 
Daily values of flow at Teddington also shown 
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Teddington are also plotted. Oxygen was generally present throughout the estuary during the first 
quarter. On 28th February the flow fell to below 1200 m.g.d. for the first time that year, and several 
readings of zero oxygen content were obtained until 10th March, by which time the flow had 
increased to over 4000 m.g.d. The next time that some miles of the estuary were found to be devoid 
of oxygen was on Ist May when the flow had fallen below 900 m.g.d., but two days later no figures 
of zero were obtained. 

From 14th May to 24th November there was probably at least one point in the estuary without 
a measurable concentration of dissolved oxygen, and during this period the flow exceeded 1000 
m.g.d. on only eight days. Conditions were at their worst in late August and most of September 
when the flow was low and the temperature high. During October and early November the flow 
was generally rather higher and, broadly speaking, the condition of the estuary improved; this 
improvement is also associated with a gradual fall in temperature. 

It is very important to note the distinction between the length of the anaerobic portion of the 
estuary as illustrated by a diagram such as Fig. 62 (p. 124) and one such as Fig. 82. The latter 
shows the length anaerobic at any one time but the former only the particular reach, if any, which 
is devoid of dissolved oxygen throughout the entire quarter, since if oxygen is present on any one 
day the average value plotted in Fig. 62 will not be zero. The differences between these two assess- 
ments of the length of the anaerobic reach in each quarter of 1952 are shown in Table 61. This 
point is elaborated on pp. 487-488. 


Table 61. Length of anaerobic reach in each quarter of 1952, in miles 


Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter 


Average length of estuary 
devoid of dissolved 
oxygen 1-4 6-1 16-3 7°4 


Length of reach anaerobic 
throughout quarter 0 0 5°5 0 





Effects of flow and temperature 


From Fig. 82 it appears that the length of the anaerobic reach is related to the flow at Teddington. 
This is to be expected from the results reported earlier in the chapter. Previously, however, each value 
taken was the average for a period of three months, whereas Fig. 82 is concerned only with the 
conditions obtaining on individual days. Although the average oxygen content in successive quarters 
may be closely related to the corresponding average of the flow at Teddington, the same degree of 
correlation is not to be expected when dealing with the daily figures, since the oxygen content 
today is likely to be determined more by the flow during the past few days than by the flow today. 

To examine the relation between flow and the length of the anaerobic reach, the length was 
read from the curves of Fig. 82 for every third day throughout the year, and plotted first against 
the flow for the same day, and then against the average flow during the seven previous days. Both 
plots showed that for flows up to about 1500 m.g.d. the relation between the length, L, of the 
anaerobic reach (in miles) and the flow, Q, at Teddington (in thousand m.g.d.) was approximately 
linear. For higher flows a linear relation no longer holds since this would lead to negative values for L. 

There is, of course, a marked negative correlation between flow and temperature, since the flow 
tends to be greater in winter than in summer. By assuming a linear dependence of L on Q and on 
temperature (JT°C), and by using only the data for which Q is less than 1-5, a partial regression 
analysis was carried out to give a calculated length (L’) of the reach in terms of Q and T, both with 
the figures for the flow and temperature for the individual days and with the average values for the 
previous week; when the latter method has been used, the flow and temperature will be represented 
by QO* and T™* respectively. | 

The temperature was not constant throughout the anaerobic reach, and the figures used in the 
analysis are those recorded for samples taken off Northern Outfall at high water, since for such 
samples the equivalent half-tide position is 15-0 miles below London Bridge and the middle of 
the anaerobic reach is generally in the vicinity of this point. 

The standard errors of estimate of the regression coefficients have also been evaluated, and 
the complete regression equations are found to be 


L' = 11-5-(9:9+1-8)0+(0-40+0-16)T (12a) 


and J 


/ = 14-8—(10-8+1-8)0*+(0-25 +0-18)T*. (12b) 
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The partial correlation between L and Q (or Q*) is found to be highly significant, but that between 
L and T (or 7*) is not significant at the 95 per cent confidence level. 

The effects of flow and temperature, calculated from Equation 12b, are shown in Fig. 83(a) 
by isothermal regression lines; the flow is seen to be by far the more important factor. It may be 
noted that the range of temperatures during the time that anaerobic conditions existed in 1952 
was only about 7 degC. The two methods of calculation lead to the same general relation, although 
using the daily figures for flow and temperature gives a higher temperature coefficient. 
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Fic. 83. Relations between (a) length of anaerobic reach on individual days in 1952 and flow at Teddington 
during previous week, and (6) average length of reach with more than 0-1 p.p.m. sulphide (as S) during each 
week of 1953 and corresponding average flow at Teddington 


The data for 1953 were examined to see if the relation existing between the length of the anaerobic 
reach and the flow and temperature during that year was compatible with the corresponding 
relation for the previous year. Only the simpler method—involving the daily values of flow and 
temperature—was used. The magnitude of the temperature coefficient was found to be just twice 
that given by Equation 12a, and the corresponding partial regression coefficient is significant at the 
95 per cent confidence level. The coefficients in the equations for the two years, while differing 
appreciably, were not incompatible when the standard errors of estimate were taken into account. 

It is clear from Fig. 83(a) that no very accurate estimation of L from Q* and T™ is possible (and 
the same applies to estimation from Q and 7). There appears to be no satisfactory method of treating 
the problem, since to obtain a more accurate formula would probably require the introduction of 
different time lags for flow and temperature. The choice of the 7-day average used above was 
arbitrary. The ideal method might well require time lags that depended on the magnitudes of the two 
factors; for instance, a rapid decrease in the flow at Teddington is unlikely to have an immediate 
effect on the length of the anaerobic reach, and the smaller the flow the longer will be the period 
before its effect is apparent. 


DEPENDENCE ON FLOW 


Length of reach devoid of oxygen 


Although no accurate prediction of the length of the anaerobic reach is possible without detailed 
knowledge of weather conditions, variations in polluting load, tidal range, and many other factors, 
and also of their effects on the oxygen content of the water, it is certain that this length is largely 
dependent on fresh-water flow. For each year from 1945 to 1962 the approximate length of the 
anaerobic reach was found, from diagrams such as Fig. 82, for each third day starting with 2nd 
January. A linear regression of this length on the flow at Teddington on the same day was then 
carried out using all the data extracted for each year but with the exclusion of those days when the 
flow exceeded 1500 m.g.d. The data were generally as scattered as in Fig. 83(a) but a significant 
negative correlation was always found. The values of the length of the anaerobic reach, given by 
the regression equation, when the flow at Teddington is 500 and 1000 m.g.d. were then found; 
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these values are plotted in Fig. 84(a). The vertical distance between the points for the two different 
flows shows the calculated change in the length of anaerobic reach associated with the change of 
500 m.g.d. in the flow at Teddington. The general level of the two curves is an indication of the 
condition of the estuary and is considered later (p. 166). . 
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Fic. 84. Average lengths of reaches containing (a) no dissolved oxygen and (b) more than 0-1 p.p.m. sulphide 
(as S) for particular values of flow at Teddington 


Length of reach containing sulphide 


As may be expected from the close relation between the frequencies of the occurrence of sulphide 
and the absence of oxygen, shown in Fig. 81 (p. 154), the length of estuary containing sulphide is 
found to vary with the fresh-water flow in the same manner as does the length of estuary devoid of 
oxygen. In Fig. 83(b), the length containing more than 0-1 p.p.m. total sulphide (as S) is plotted 
against the flow at Teddington. The L.C.C. records for sulphide, which are less detailed than those 
for oxygen, were supplemented by the results of samples taken and analysed by the Laboratory 
(Table 66, pp. 189-190). Even when all the available data for each week in 1953 were used, it was 
difficult to define the limits of the reach containing sulphide, and it is for this reason that the 
diagram refers only to the reach containing more than 0-1 p.p.m. The value used for the flow at 
Teddington was the average during the week in which the sulphide determinations were made. 
The data are shown for average flows up to 1500 m.g.d., and the straight line has been calculated 
from these data, no account being taken of temperature. 

Fig. 84(b) shows the average length of estuary containing more than 0-1 p.p.m. sulphide, in 
each year from 1951 to 1962, for Teddington flows of 250 and 500 m.g.d. The lower curve thus 
corresponds to the upper curve in Fig. 84(a) which relates to the length devoid of dissolved oxygen; 
these two curves are of generally similar form, but with the length containing no oxygen being, on 
average, about 3 miles longer than that containing more than 0-1 p.p.m. sulphide. 


LONG-TERM CHANGES 


It is evident from the results given in the present chapter that the condition of the water of the 
estuary (as judged by its content of dissolved oxygen) had been deteriorating for many years up to 
1959, and that there was a marked improvement in 1960-62; these long-term changes will now 
be examined. The changes over the whole of the period up to 1959, for which data are available, 
are examined first, and the changes occurring during four particular periods are then considered 
in more detail. These periods are ones when changes in condition were to be expected following 
changes in the polluting load: on the introduction, in 1889-1891, of primary sedimentation plant 
at the Northern and Southern Outfall Works of the L.C.C.; on the reduction of the load from 
these works during the 1939-1945 war, and on the dumping of oxidizable material within the 
estuary in this period; on <he installation of further sedimentation plant at Northern Outfall in 1955; 
and on the introduction of further aeration plant at the same works in 1959-1960. 
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GENERAL DETERIORATION TO 1959 


The way in which the oxygen content of the water became progressively less has already been 
illustrated in Figs. 59-63 (pp. 121-125) and 70(b) (p. 141) and by the values of by; gp given in 
Table 57 (pp. 135-138); the increasing frequency and extent of anaerobic conditions may be seen 
from Figs. 79 (p. 151) and 84. The discussion in this section will be limited to the changes occurring 
up to 1959. 

The general deterioration is shown more clearly by Fig. 85 which gives the average sag curves 
for third quarters when the flow at Teddington was around 250 m.g.d. The earliest curve is for 
1893 when the average flow during the third quarter was 238 m.g.d. The next curve, which covers 
only 20 miles, is the average of the third-quarter curves for 1900 (flow 231 m.g.d.) and 1905 (219 
m.g.d.). No curve is shown for 1910-1919, because only three curves for third quarters in this period 
have been constructed and in none of these was the flow below 400 m.g.d. The remaining curves 
are for average conditions in the periods shown, and were obtained in the same way as described 
for the production of standard sag curves (see p. 126). 
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Fic. 85. Oxygen sag curves during successive decades for 
third quarters when flow at Teddington was around 250 m.g.d. 


DISSOLVED OXYGEN (per cent saturation) 


The changes in oxygen content off Southern Outfall at low water are shown by Fig. 86 where 
the third-quarter and yearly averages are plotted. While account must be taken of possible 
inaccuracies in the methods used for determining dissolved oxygen in the earlier years, the general 
deterioration is evident. As may be seen by comparison of the diagram with Table 1 (p. 11), the 
year-to-year variations are largely associated with variations in fresh-water flow. Table 55 (p. 128) 
indicates that the middle reaches of the estuary contained most dissolved oxygen around 1905-1910, 
but with the possibility that conditions were substantially better in 1882 (a conclusion which seems 
unlikely in view of the fact that it was not until some years later that the London sewage was settled 
before discharge to the estuary). Fig. 86, on the other hand, suggests that this part of the estuary 
was at its best around 1891-98, and that (unless there was a marked deterioration between 1882 
and 1885) conditions were worse in 1882 and also in 1905-1910. It is no longer possible to find 
the reasons for these discrepancies, and particularly that which arises from the Southern Outfall 
low-water oxygen values being much higher in 1893-94 than expected from the sag curves; thus 
in Fig. 59(b) (p. 121) the sag curve gives a value of 25 per cent saturation at the half-tide position 
equivalent to low water at Southern Outfall (9-5 miles below London Bridge), but the average 
value for the samples taken off the outfall—shown by the cross at this point—and hence the 
corresponding value from Fig. 86, is over 40 per cent. 

Changes near the head of the estuary are shown in Fig. 87. The yearly averages plotted in Fig. 
87(b) indicate a fairly steady deterioration at London Bridge over the past 40 years, although there 
are large fluctuations associated, for the most part, with variations in the fresh-water flow. Since 
1940 the oxygen content in third quarters has remained almost steady. This does not necessarily 
mean that deterioration ceased; by 1940 the oxygen content had fallen to the level at which 
nitrification is restricted, so that since that time progressively larger amounts of nitrate may have 
been reduced upstream of London Bridge. The variations 10 miles above London Bridge, shown in 
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Fic. 86. Yearly and third-quarter averages of dissolved oxygen off Southern Outfall at low water 


Fig. 87(a), do not reveal any marked trend in the yearly average of dissolved oxygen, but the general 
level in third quarters fell from roughly 50 per cent saturation in 1930-1941 to about 20 per cent 
in 1942-1959. At this point in the estuary the changes associated with variations in flow and 
temperature are more pronounced than at London Bridge. : 
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Fic. 87. Yearly and third-quarter averages of dissolved oxygen at half-tide (a) 10 miles above, 
and (b) at London Bridge 


At the seaward end of the estuary, seasonal variations in flow and temperature have little effect 
on the oxygen content—see Figs. 72 (p. 144) and 76 (p. 146); plotting annual averages thus gives 
a clearer picture of the general changes in condition. The results for 30 miles below London Bridge 
at half-tide are shown in Fig. 88(a) where it is seen that the oxygen content continued to fall for 
nearly 30 years at an average rate of about 1 per cent saturation per year. The war-time dumping 
of dredging spoil and sewage sludge about 2 miles downstream of this point is undoubtedly the 
cause of the temporary lowering, particularly of the annual averages, during 1941-45 (see pp. 
162-163). 

Annual averages for dissolved-oxygen content 40 miles below London Bridge at half-tide (just 
upstream of Southend) are shown in Fig. 88(b). The deterioration at this point also amounted to 
roughly 1 per cent saturation per year. 
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Fic. 88. Yearly and third-quarter averages of dissolved oxygen at half-tide (a) 30 and 
(6) 40 miles below London Bridge 


In 1940 the spoil and sludge were dumped at various points in the lower reaches of the estuary 
and this no doubt accounts for the very low oxygen content found during that year; no further 
sampling was carried out there until late in 1945. 

It is generally between 30 and 40 miles below London Bridge at half-tide that the oxygen content 
rises through the value of 60 per cent saturation, and another way of showing the deterioration is 
by plotting the average half-tide position of the point where this value occurs during each year; 
this is done in Fig. 89. 

Figures 88 and 89 are possibly the best indication of the changes in condition of the estuary 
over the past 40 years: Fig. 87, relating to conditions at and above London Bridge, shows large 
year-to-year variations associated with changes in flow and temperature, but the effects of these 
factors are very slight in the lower reaches of the estuary; also, conditions at the points referred to 
in Fig. 87 are unlikely to be greatly affected by variations in the polluting load from the L.C.C. 
Outfalls; Fig. 86, which refers to conditions in the middle reaches, includes too many points for 
oxygen levels at which complications arise from the restriction of nitrification and from denitrifica- 
tion (pp. 460-461); but the yearly average of oxygen content 30 miles below London Bridge is a good 
indication of the total effect of all the polluting matter entering the estuary, and the data for 40 
miles below London Bridge have the added advantage that even in third quarters these com- 
plications do not arise. 


CHANGES FOLLOWING INTRODUCTION OF SEDIMENTATION 
A EAC OP OVUTPTALES 


It is of interest to examine the changes in the condition of the estuary around the time of the 
introduction of the sedimentation plant at the L.C.C. sewage outfalls. The plant at Northern 
Outfall came into operation in 1889 and that at Southern Outfall two years later. Figures for the 
dissolved oxygen in the water off Southern Outfall are available for both high and low water almost 
daily from 1885 onwards and, although there is reason to suppose that the methods of determining 
dissolved oxygen 70 years ago were far from accurate, these figures show the effect of a substantial 
change in load. 

Accordingly, quarterly averages of temperature and dissolved-oxygen content of the water off 
Southern Outfall at low water were evaluated for the period from 1885 to 1915, and a partial 
regression analysis was carried out to find the relation between the oxygen content and the tem- 
perature and fresh-water flow. The equation found was 


Y" = 26°5+10°250-— 0/557, (13) 


where Y’ is the predicted oxygen content in per cent saturation, Q the flow at Teddington in 
thousand m.g.d., and T the temperature off Southern Outfall in °C. (It may be pointed out that these 
flow and temperature coefficients are in remarkably close agreement with those of 10-22 and —0-45 
respectively for 10 miles below London Bridge at half-tide for the period 1920-1934, given in 
Table 56(c), p. 134.) 
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The departure of each of the quarterly averages from the value given by Equation 13 was then 
determined, and the mean value of this departure for each year was found; the results are shown in 
Fig. 90. It would appear that some improvement in the condition of the estuary was taking place 
just before the introduction of the sedimentation plant, and this makes it rather more difficult to 
assess what effect was produced on the estuary when the plant came into operation. In 1889 and 
1891—the years when the treatment of sewage was started at Northern and Southern Outfalls 
respectively—there were substantial increases in the oxygen content of the water off Southern 
Outfall. For the next seven years the general level of dissolved oxygen at this point was maintained, 
after which there was a marked deterioration which might be attributed either to changes in the 
polluting load to the estuary or else to a change in the analytical methods used for the determination 
of dissolved oxygen. On the other hand, Table 55 (p. 128) suggests that improvement continued 
at least until 1910. It is unfortunate that the two sets of data lead to different interpretations of the 
changes in condition following the introduction of the sedimentation plant as these changes may 
have an important bearing on those to be expected after introducing further plant about 65 years 
later (see pp. 496-498). 
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CHANGES IN 1939-1945 


Under normal conditions, the sewage sludge from the Northern and Southern Outfall works 
and the dredging spoil from the docks and estuary are dumped in Black Deep, some 60 miles 
seaward of the outfalls. It is known that solid matter may be brought into estuaries from the sea 
and it is certain that this occurs in the Thames!4 (see also pp. 322-325). To what extent sludge or 
spoil deposited in Black Deep returns to the central reaches is, however, not known; any material 
which did return would have been in contact with oxygenated water, probably for a considerable 
time, so that it is to be expected that part at least of its organic content would have been oxidized. 
Dumping in Black Deep does not cause any noticeable oxygen depletion of the water some 10 miles 
landward (‘Table 142, p. 343). 

During and immediately after the war of 1939-1945 the sludge vessels could not safely go as 
far seaward as Black Deep, and from the middle of October 1939 to the end of January 1940 the 
sludge was discharged within a few miles of Mucking (32 miles below London Bridge); from then 
to December 1940 it was dumped at various points usually between the Nore and Knob Buoy (50-60 
miles below London Bridge). From 23rd December 1940 to 1st October 1945 the sludge was deposited 
at Mucking Flats. Since 8th October 1945 the dumping has generally been in Black Deep and seldom 
less than 50 miles below London Bridge. The quantities involved, in terms of dry weight, are 
shown in Table 128 (p. 319). 

The P.L.A. sometimes deposits as much as a million tons (dry weight) of dredgings a year in 
Black Deep. From 1939,some of the material has been discharged in the Mucking area, although 
since 1947 the proportion has always been less than 10 per cent of the total. During the war the 
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volume of dredging was reduced, and from-1940 to 1945 all the spoil was dumped in the Mucking 
area. It was not until June 1946 that dumping in Black Deep was resumed. Yearly figures of the dry 
weight dumped are included in Table 129 (p. 321). 

In Fig. 91 the quarterly averages of dissolved oxygen from the first quarter of 1928 to the 
second quarter of 1952, at three points in the estuary, are plotted against time. The points chosen 
are 30, 35, and 40 miles below London Bridge at half-tide. The thick continuous line indicates 
the approximate mean position of the dumping of L.C.C. sludge during each quarter. This diagram 
shows clearly the effect of dumping the sludge some 40 miles landward of the normal spoil ground; 
the effect on the condition of the estuary just upstream of the wartime ground is remarkably slight. 
A close inspection suggests that the changes in the concentration of oxygen tend to lag by about a 
quarter of a year behind the changes in the position of dumping. 
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Fic. 91. Relation between quarterly averages of dissolved oxygen at three points at half-tide 
and approximate positions of dumping of L.C.C. sludge 


Individual values of dissolved oxygen shortly after the L.C.C. ceased dumping at Mucking are 
shown in Fig. 92. The last occasion on which the sludge was dumped at Mucking was Ist October 
1945, but there was still no appreciable rise in the level of dissolved oxygen by 1st January 1946. 
The readings for 7th January show a very great increase in the oxygen content—the concentration 
being almost doubled in seven days. The average flow at Teddington from 1st October to 24th 
December 1945 was about 350 m.g.d. and on no day exceeded 2000 m.g.d. On 25th December the 
flow was 2075 m.g.d. and on the five days from 29th December to 2nd January was 4009, 4634, 
3875, 3701, and 3536 m.g.d. From 3rd to 9th January the daily flow was below 2000 mil gal. 
There was a spring tide on 31st December, and a neap tide on 6th January. The sudden increase 
in the concentration of dissolved oxygen may have been associated with the combination of high 
flow and a spring tide. 

The apparently complete recovery after 1945 is also shown by Fig. 89, in which the position 
where the oxygen content was 60 per cent saturation during 1946 is in general agreement with the 
trend of the pre-war and post-war positions. From the data available, the average position of this 
point in 1945 was at least 42 miles seaward of London Bridge. 

Over roughly the same period as the dumping at Mucking, there was a substantial reduction in 
the population served by the L.C.C. sewerage system as a result of the partial evacuation of Greater 
London. The polluting loads from the Northern and Southern Outfall works were appreciably 
reduced (see, for example, Fig. 49, p. 65); there was also a reduction in the load from Mogden 
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MILES BELOW LONDON BRIDGE AT HALF — TIDE 
Fic. 92. Dissolved oxygen in lower reaches of estuary from October 1945 to April 1946 


Sewage Works. There should, therefore, have been an appreciable improvement in the condition 
of the middle reaches of the estuary. 

Little else is known about the changes in the polluting load which occurred during the war 
years except that the largest industrial discharge (entering the estuary opposite Southern Outfall) 
ceased for a time, that the dredging programme was curtailed, and that the results of bombing 
sometimes prevented the normal flow of sewage from arriving at the L.C.C. sewage works—it is 
therefore probable that there was an increased discharge of sewage from storm overflows. 

However, the data for dissolved oxygen show no improvement in the condition of the middle 
reaches of the estuary during the war years. The average values of the oxygen content 10 miles 
above and 25 miles below London Bridge, and in the reach from London Bridge to 25 miles below, 
in 1940-45, each differ by less than 2 per cent saturation from the values that would have been 
deduced from the data for the previous and subsequent years had no figures been available for 
the period and if it were assumed that there had been no change in the trend of conditions from 
before the war until after it. 


CHANGES FOLLOWING INTRODUCTION OF ADDITIONAL 
SEDIMENTATION PLANT AT NORTHERN OUTFALL 


In June 1955 the new sedimentation tanks at the Northern Outfall Sewage Works were brought 
into operation (p. 64), and it was expected that the improved quality of the final mixed effluent 
discharged from the works would lead to some noticeable improvement in the condition of the 
estuary. From the work reported in the present chapter it is evident that in examining changes in 
condition over a period of a few years it is essential to make allowance for the variations in oxygen 
content associated with variations in flow, season, and temperature. Accordingly, use was made 
of the results of the statistical and graphical analyses for various points in the estuary. 

It has been pointed out (p. 142) that the reach extending 25 miles seaward from London Bridge 
at half-tide is one for which the statistical analysis gave close agreement between the values 
observed for the dissolved oxygen and those calculated from the regression equations; particular 
attention is therefore paid to this reach. In the regression analysis, to which Table 57(d) (p. 138) 
refers, a linear deterioration is assumed from 1934 onwards, the average rate being 0-44 per cent 
saturation yearly. By 1953, the year immediately following the period used in the analysis, the 
equation for third quarters is on the point of becoming invalid, since at times of low summer flow 
it would lead to prediction of a negative oxygen content. A preliminary examination showed that, 
even after making allowance for the errors arising in the predicted oxygen content in third quarters, 
the previous rate of deterioration was not maintained during 1953-59—the condition of the estuary 
after the introduction of the new aeration plant at Northern Outfall is discussed on pp. 166-167. 
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The hypothesis was then made that the deterioration ceased at the end of 1953; the value of 
t in the regression equations, of which the coefficients are given in Table 57(d), was therefore kept 
at 19 years throughout 1953-1962. On this basis the average oxygen content of the reach was 
calculated for each quarter in that period and the hypothesis was tested by comparing these 
calculated values with the observed ones. This comparison is made in Fig. 93, in the lower part of 
which are shown the observed and calculated quarterly averages. The agreement is seen to be 
very close; the standard error of estimate (or root-mean-square of the differences between the 
observed and calculated values) for 1953-59 is only 1-2 per cent saturation; this value may be 
compared with the corresponding figure of 1-7 per cent for the period from 1920-1952 used in 
deriving the regression equations. The standard deviation of the quarterly averages of the observed 
oxygen figures in 1953-59 is 6-6 per cent saturation, and this indicates (by means of Equation 11, 
p. 131) that use of the regression equations accounts for nearly 97 per cent of the variance of the 
quarterly averages during this period. 
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Fic. 93. Observed and calculated quarterly averages of dissolved-oxygen content of water in 
reach extending 25 miles seaward from London Bridge at half-tide 
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In the upper part of Fig. 93 the excess of the observed over the calculated values is plotted—a 
positive value thus indicating that conditions were better, and a negative worse, than calculated; 
to show more clearly any trend in conditions, yearly running averages have been plotted, the values 
shown at each quarter being the average departure from prediction for the year ending with that 
quarter. These averages suggest no marked improvement or deterioration in the average oxygen 
content of the reach during 1953-59. The last complete year before the new plant was introduced 
at Northern Outfall was that ending with the first quarter of 1955 (average departure from 
prediction —0-2 per cent saturation), the first complete year since the improvements was that 
ending with the third quarter of 1956 (average departure —0-5 per cent), and the last complete 
year before the introduction of the new aeration plant was that ending with the third quarter of 
1959 (departure — 1-2 per cent). There is therefore no evidence of any improvement in the condition 
of the reach, as judged by the oxygen content, after the new sedimentation plant was brought into 
operation; in fact, this diagram shows a slight deterioration which is also indicated by comparison 
of the lines for 1950-54 and 1955-59 in Fig. 70(b) (p. 141). - 

Any general change in condition of the most polluted reaches is reflected in the position of 
~ the seaward limb of the sag curve. Thus in Fig. 85 (p. 159) it is seen that, as the trough of the sag 
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curve falls, this limb moves outwards, and consequently, even when the minimum can fall no 
further (having already reached zero), the seaward limb will continue to move downstream if 
conditions continue to deteriorate; similarly Fig. 89 (p. 162) shows no improvement in the position 
at which the oxygen content was 60 per cent saturation in 1955-59—indeed, this point tended 
to move downstream. 

Inspection of Fig. 84 (p. 158) suggests that, although (at particular flows) there were fluctua- 
tions in the length of estuary entirely devoid of dissolved oxygen, and in the length containing 
more than 0-1 p.p.m. sulphide, no definite trend was maintained. ‘The points referring to a flow 
of 500 m.g.d. in 1958 show a substantial but temporary improvement during that year. The reasons 
for this change, and for the equally large one in the opposite direction in 1951, are unknown. The 
points for 1959 are at roughly the same levels as those for 1950-57. The flow during 1958 was well 
above average for most of the year (Table 2, p. 12) and all the data relating to flows below 500 m.g.d. 
are for the July-September quarter, during which period the general level of dissolved oxygen in 
the estuary was substantially higher than had been expected on the basis of the previous few years. 
This led to a somewhat premature statement that the condition of the estuary was improving”. 
It is evident from Fig. 84 that even in 1958 the extent of the anaerobic reach was considerably 
greater, for a given flow, than in 1945-49. It would appear from examination of the averages for third 
quarters and for complete years in Figs. 88 (p. 161) and 93 (p. 165), that in the third quarters of 
1958 and 1959 the level of oxygenation indicated a considerable improvement, but that this improve- 
ment was not shown when all four quarters of the year were taken into account. 

All the evidence examined here suggests that, following the introduction of the new 
sedimentation plant at Northern Outfall in June 1955, although the deterioration in the condition 
of the middle and lower reaches of the estuary was certainly not reversed it was almost halted. 
Possible reasons for the lack of improvement are considered in further discussion of this subject 


on pp. 496-498. 


CHANGES FOLLOWING INTRODUCTION OF ADDITIONAL 
AERATION PLANT AT NORTHERN OUTFALL 


Between October 1959 and February 1960 the new aeration plant at the Northern Outfall Works 
was brought into operation (p. 64). This stage of the extension of the works was followed by a 
marked improvement in the condition of the middle and lower reaches of the estuary. The general 
improvement at times of moderately low summer flow is shown by Fig. 85 (p. 159) where the 
curve for 1960-62 is seen to lie nearest to that for 1940-49 and to be substantially higher than that 
for 1950-59. 

There was little overall change in the oxygen content of the upper reaches of the estuary from 
1950 to 1962. The average oxygen content of the water immediately above Teddington Weir was 
95 per cent saturation both in 1950-59 and in 1960-62 (Fig. 75, p. 145), and the variations 
10 miles above London Bridge and at London Bridge (Fig. 87, p. 160) during this 13-year period 
are mainly those associated with variations in the fresh-water flow. 

Fig. 93 (p. 165) shows that, after allowing for variations in the fresh-water flow, the average 
oxygen content of the reach extending 25 miles seaward from London Bridge at half-tide increased 
by 1-2 per cent saturation following the installation of the new aeration plant at Northern Outfall. 
This is a very small increase, but it is in this part of the estuary that the lowest oxygen contents 
are found and where the effects of restricted nitrification and of denitrification prevent the changes 
in the polluting load being fully reflected by the changes in dissolved oxygen. Even with the higher 
flows prevailing in first quarters, the oxygen content falls below the value at which these com- 
plications arise; also, since the higher the flow the less is the upstream penetration of the effects 
of the L.C.C. discharges, the average oxygen content of the landward section of this reach is 
largely unaffected by changes in the polluting load discharged from Northern Outfall. 

The most sensitive measures of the condition of the middle reaches of the estuary in these 
circumstances are the length devoid of dissolved oxygen and the length containing sulphide. It 
is found from Fig. 84 (p. 158) that the length of the anaerobic part of the estuary, for a flow of 
1000 m.g.d. at Teddington, fell from 8 miles in 1950-59 to 24 miles in 1960-62. With a flow of 
500 m.g.d. the length was reduced from 15 to 64 miles and the length containing more than 0-1 
p-p.m. sulphide fell from 11-8 miles in 1951-59 to 4-8 miles in 1960-62. At 250 m.g.d. the length 
containing this quantity of sulphide fell from 15-5 to 6-2 miles between the same periods. These 
changes represent a substantial improvement in the most important features of a grossly polluted 
estuary. 

In the lower reaches of the estuary, where variations in fresh-water flow have little effect, the 
changes in the oxygen content during recent years are shown clearly by Figs. 88 and 89 (pp. 161 
and 162). ‘Thus the average oxygen content 30 miles below London Bridge rose from 13-6 per cent 
saturation in 1950-59 to 21-3 per cent in 1960-62, and the corresponding increase at 40 miles was 
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from 73 to 79 per cent—or a decrease of roughly a tenth of the oxygen deficiency at the former 
point and a fifth at the latter. "he average half-tide position of the point, on the seaward limb of 
the sag curve, where the oxygen content was 60 per cent saturation, moved upstream from 37-4 
miles below London Bridge in 1950-59 to 36-1 miles in 1960-62 (Fig. 89); the change between 
1955-59 and 1960-62 was through a distance of 2-0 miles. 

The condition of the middle and lower reaches of the estuary in 1960-62, as shown by Figs. 84, 
88, and 89, was similar to what it had been in 1949-1950 at the beginning of the marked deterioration 
which is attributed to the reduction in the rate of re-aeration following the first widespread use of 
household packaged detergents (see pp. 499-500 and 526-527). The changes following the 
introduction of the new aeration plant at Northern Outfall are discussed further on pp. 496-498. 
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CHAPTER’7 


Condition of Estuary, 1951-54 


The London County Council has made available to the Laboratory its detailed records of the 
condition of the estuary ; these formed the basis of most of the work discussed in the previous chapter, 
and are also referred to in many other sections of this Report. Nevertheless, it was felt that some 
additional information would be required, and regular surveys were therefore made by the 
Laboratory for a number of years. To make it possible to carry out these field surveys, the Port of 
London Authority provided the exclusive use of the motor launch Shornmead (Plates 17 and 18, 
facing p. 352) together with a crew of six, and two buildings—one of which had been specially 
converted to a laboratory—at Tilbury Docks. Full advantage was taken of these facilities from 
February 1949 until the completion of the field work at the end of 1954. 

The first months of the investigation were occupied mainly in developing techniques for 
sampling the estuary water and bottom deposits, and in making preliminary surveys in which the 
variations in composition of the water over the cross-section in different parts of the estuary and 
under different tidal conditions were studied; some results of these preliminary surveys are discussed 
at appropriate places in the Report. Most of the following year was spent in the detailed examination 
of bottom deposits reported in Chapter 11. 

From 1951 to 1954, surveys of the chemical condition of the estuary were made by the 
Laboratory weekly—apart from a few unavoidable gaps when the launch was being overhauled. 
The properties examined were varied from time to time as the progress of the work seemed to 
show that changes were desirable, but the general aim was to make as few changes as possible so | 
as to facilitate comparison of conditions in one year with those in another. 

Normally the launch started each run near the mouth of the estuary and proceeded upstream, 
samples being taken from a depth of 6 ft in mid-stream at positions which were usually indicated 
by buoys in the navigable channel or by landmarks in the narrower part of the estuary. 

In 1951 the samples were taken as near as possible to the time of low water, at some 29 positions 
between No. 3 Sea Reach Buoy and Putney (46 miles below and 7} miles above London Bridge 
respectively). ‘The surveys were made in two parts, the seaward reaches up to Gravesend (26 miles 
below) being examined at low water on one day, and those from Mucking (33 miles below) to Putney 
on the following day—after an interval of either one or two tides. 

During 1952 the sampling runs were made alternately at high and low water in successive weeks, 
generally at 21 positions between Mucking and Putney; the seaward reaches were not examined 
in detail, but samples were taken weekly off Southend (43 miles below London Bridge). 

In 1953-54 the weekly surveys covered some 20 positions between Southend and Putney 
irrespective of the state of tide, the launch starting from Gravesend at 7 a.m. each Tuesday. 

A few surveys were extended to Teddington, but the head-room under bridges, and the depth 
of water required by the launch, often made it impracticable to sample this part of the estuary on 
the same day as the middle reaches. The method by which the results of examination of samples, 
taken at different times during the tidal cycle, may be compared, was described on pp. 6-9; the 
principle of this method is to substitute for the position at which a given sample was taken the 
position which, it is calculated, the water would have occupied at half-tide. 

The methods of sampling and analysis, the frequency of sampling, and the sampling positions 
used by the Laboratory, were not identical with those of the L.C.C. It is therefore of considerable 
interest to compare the results obtained by the two organizations; this comparison is made for most 
of the properties of the water discussed in the present chapter. Quarterly averages are used, since 
these eliminate most of the discrepancies that arise from the sampling being carried out on different 
days and from the departure of actual tidal conditions from the average. However, the methods 
used for averaging the two sets of data for any property of the water differed slightly. The 
Laboratory’s data for each survey were plotted against the half-tide position, and a smooth curve 
was drawn so as to pass through each plotted point; values were then taken from this curve at 
intervals of 2 or 5 miles; the quarterly averages of these values from all the available curves were 
plotted against distance along the estuary, and again a smooth curve was drawn so as to pass through 
each plotted point. The L.C.C. data could not be treated in the same way since the whole estuary 
is never surveyed on one day: accordingly, the quarterly averages were found by the methods 
described on pp. 106-111 and a smooth curve was drawn through the plotted data; when the figures 
were too scattered to allow this to be done the individual averages were plotted. For some properties 
of the water, large discrepancies were found between the Laboratory’s and the L.C.C.’s figures; 
possible reasons for these discrepancies are discussed. 
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SALINITY 


Whenever a sample was taken by the Laboratory, the chloride concentration or the salinity was 
determined, the results generally being expressed in terms of salinity when this exceeded 1g/1000g 
(see also pp. 16 and 572). Monthly average values at intervals throughout the estuary were shown in 
Table 5 (p. 21) and the variations occurring over the cross-section were examined in Tables 3 and 4. 


Two quarterly averages are compared: with those for the corresponding L.C.C. data in Fig. 94— 
the agreement is seen to be entirely satisfactory. 
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Fic. 94. Average distributions of salinity in (a) third and (5) fourth quarters of 1954 
Comparison between curves calculated from data of W.P.R.L. (continuous lines) and L.C.C. (broken lines) 


TEMPERATURE 


The temperature of the water has an important bearing on its condition since it affects, for 
example, the rates of many biochemical processes (such as oxidation of organic matter and 
reduction of sulphate), the rate at which oxygen is dissolved from the atmosphere, and the amount 
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Fic. 95. Average distributions of temperature in (a) third and (b) fourth quarters of 1954 
Comparison between curves calculated from data of W.P.R.L. (continuous lines) and L.C.C. (broken lines) 
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of oxygen which can dissolve in water of a given salinity. The tidal waters of the estuary are heated 
artificially (p. 2), mainly by the discharge of very large volumes of estuary water used for cooling 
condensers at electricity-generating stations. Since one of the objects of the survey was to decide to 
what extent this artificial heating was affecting the condition of the water, the changes in tem- 
perature throughout the estuary under different conditions were followed in considerable detail. 
A full account of this part of the work is given in Chapter 16; in the present chapter the distribution 
of temperature will be referred to only briefly. The poor agreement between the temperature data 
of the Laboratory and the L.C.C. (Fig. 95) is discussed in the middle of p. 448. 

The changes in monthly average temperatures at the head of the estuary (Teddington, 18? 
miles above London Bridge) and at the seaward end (Southend, 43 miles below London Bridge) 
are shown for 1953-54 in Fig. 96, together with the monthly average of the maximum temperature 
within the estuary. From January to September the temperature of the sea was generally a little below 
that of the fresh water, from October to December it was slightly above. The maximum temperature 
within the estuary was usually some 4 or 5 degC higher than the warmer end of the estuary, the 
maximum difference in these two years being about 7 degC. 











30 Oo Maximum 
@ Teddington 
- X Southend 
O 
oO 
Lu 
oc 
= 
<x 
ag 
Lu 
ae 
= 
LJ 
= 





= H 
Oc-FaM_ A Mig J ATS TOD Ni: ii FliMic AME ci Jaane aaa 
1953 1954 


Fic. 96. Variation of monthly average water temperatures off 
Southend and at Teddington, and of monthly average of maximum 
temperatures in 1953-54, based on weekly surveys 


The distributions of the monthly average temperatures at half-tide, throughout the length of 
the estuary in alternate months of 1953-54, are shown in Fig. 97. | 
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Fic. 97. Average monthly temperatures in estuary in (a) 1953 and (b) 1954 


Generally the maximum temperature at half-tide occurred in the neighbourhood of London 
Bridge, though sometimes,it was several miles above this point, and occasionally (at times of increased 
fresh-water flow) as much as 10 miles below. 
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DISSOLVED OXYGEN 


The general picture of the distribution of dissolved oxygen in 1951-54 was that the concen- 
tration was normally close to the saturation value at Teddington (Table 24, p.52) and some 
20 miles seaward of Southend (Table 142, p. 343), but that in the central part of the estuary there 
was a long reach where the water never contained more than a small quantity of oxygen, and for 
the greater part of the year contained none. During the summer of each of these four years the 
reach of completely de-oxygenated water extended as far up the estuary as London Bridge and 
for at least one month was more than 20 miles long. In part of the winter (when the flow of fresh- 
water into the estuary was high) there was some dissolved oxygen throughout the tidal reaches, 
though often the concentration did not amount to more than 10 per cent of the saturation value. 
As the weather became warmer and the fresh-water flow decreased, the level of oxygen in the 
central reaches fell, and anaerobic conditions reappeared; the extent of the anaerobic reach usually 
increased during the summer and early autumn. Soon after the concentration of oxygen had fallen 
to zero the water became black from the presence of ferrous sulphide in suspended solid particles; 
later, sulphide was present in solution and some hydrogen sulphide escaped from the water. Since 
it was known that the offensive condition of the estuary was associated with the absence of dissolved 
oxygen, much of the work has been concerned with a study of the various factors, particularly 
temperature and fresh-water flow, which affect the oxygen level. These investigations are described 
in detail in other sections of the Report (particularly Chapters 6 and 17-19) and only a very brief 
account of the distribution of oxygen need be given here. 

The upper curve in Fig. 98 shows the distribution of dissolved oxygen in the estuary towards 
the end of January 1953, when the flow at Teddington was roughly 1300 m.g.d. and the water there 
was saturated with oxygen. During the next 20 miles the concentration fell to 60 per cent saturation, 
and in a further 10 miles there was a rapid drop to 4 per cent. In the central reaches—for a distance 
of some 15 miles—the concentration was everywhere above zero but nowhere above 10 per cent 
saturation; 14 or 15 miles below London Bridge (just seaward of Southern Outfall), the concentra- 
tion began to increase and it had reached 80 per cent by about 44 miles below London Bridge 
(near Southend). 
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Fic. 98. Distribution of dissolved oxygen on 27th January 
and 30th September 1953 


The distribution at the end of September 1953, when the flow at Teddington was about 200 
m.g.d., is shown by the lower curve in Fig. 98. By this time the centre of the estuary had become 
entirely de-oxygenated, the length of the anaerobic portion being about 26 miles. It may be 
mentioned that in the autumn of 1953 the fresh-water flow was unusually low and that on 23rd 
December the anaerobic reach was longer than at any time during the previous 12 months—it 
occupied some 34 miles* and, at half-tide, extended from Chiswick to Tilbury. 

There is satisfactory agreement between quarterly curves drawn from corresponding dissolved- 


oxygen data of the Laboratory and the L.C.C. (Fig. 99). 


* The L.C.C. took no samples between 21st and 28th December, and the diagram of the type of Fig. 82 (p. 155) covering 
that period suggests an anaerobic length rather less than 30 miles; consequently, 1953 has been omitted from the third 
paragraph of p. 1 which was based entirely on the L.C.C. data. 
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Fic. 99. Average distributions of dissolved oxygen in (a) third and (6) fourth quarters of 1954 
Comparison between curves calculated from data of W.P.R.L. (continuous lines) and L.C.C. (broken lines) 


VARIATION WITH DEPTH 


In the second quarter of 1949 (during the preliminary part of the investigation) the variation of 
dissolved oxygen with depth was examined (Fig. 100). The differences between the data for 
samples taken at the surface, near mid-depth, and near the bed are shown in Fig. 100(a and d) and 
support the hypothesis that the water of the estuary is well mixed vertically (p. 17); the higher 
oxygen values generally found at the greater depths are not considered to be significant of a real 
difference since the displacement samplers used are unsatisfactory when working at such depths*. 
However, the reason for the anomalously high oxygen values shown in Fig. 100(b), (e), and 
more particularly in (c), for a number of samples taken near the bed is unknown. Except where 
otherwise stated, all the samples taken throughout the survey were at a depth of 6 ft. 


VARIATION ACROSS WIDTH 


On pp. 18-19 the variations in salinity over the width of the estuary were examined, and in 
Fig. 16 the chloride contents at the sides and middle were plotted for samples taken at five cross- 
sections from Putney Bridge to London Bridge in the spring of 1954. The dissolved-oxygen content 
of these samples was also determined and the results are shown in Fig. 101. Around low water, 
the oxygen content at Putney, Albert, and Vauxhall Bridges amounted to several p.p.m., and 
there were large differences between the values obtained from the three sampling points at each 
station; it may be noted that the highest values found in these conditions were in mid-stream which 
is the usual place for sampling. 


PHOTOSYNTHESIS 


It has been known for many years that photosynthesis occurs at the seaward end of the estuary!. 
For instance, during the spring in 1952 and 1953 the L.C.C. found that the water seaward of 
Southend was generally supersaturated with dissolved oxygen, figures as high as 150 per cent 
saturation being obtained; similar concentrations were observed by the Laboratory in 1949 (Fig. 
100(b)). Such high values occur infrequently, but some degree of supersaturation is often found 
at the mouth, and also at the head, of the estuary—see, for example, Figs. 75 (p. 145) and 100(c). 


PHYTOPLANKTON 


It was thought that photosynthesis by phytoplankton might prove to be a significant factor in 
controlling the concentration of dissolved oxygen in the middle reaches and some observations were 
therefore made both of the numbers and species of phytoplankton present at different seasons and 


* At the moment of releasing the stoppers the pressure outside is roughly twice that inside the sampler, so that water 


rushes in through both inlet and outlet tubes until the sampler is about half full, and the dissolved-oxygen figures obtained 
may be expected to be too high. 
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Fic. 100. Variation in oxygen content with depth 
Near low water of neap tides on (a) 6th—7th April and (d) 23rd—24th May 1949 
Near high water of spring tides on (b) 27th April, (c) 11th-13th May, and (e) 8th-10th June 1949 
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Fic. 101. Variation, over parts of tidal cycles, in oxygen content of 
water at north (N) and south (S) sides and middle (M) of estuary at 
five cross-sections in spring of 1954 


of their rate of output of oxygen during daylight. All the identifications and counts of algae were 
made for the Laboratory by Dr. J. W. G. Lund of the Freshwater Biological Association, to whom 
samples of water were sent regularly for a period of 15 months. No very detailed survey was 
attempted and many of the marine algae were not identified. 

Figure 102, constructed from the weekly counts of phytoplankton made by Dr. Lund from 
April 1952 to June 1953, shows the monthly average distribution of diatoms and Chlorophyceae at 
their calculated half-tide positions throughout the estuary. In both years the highest counts were 
found from April to June/ the concentrations of total cells (diatoms plus Chlorophyceae) being of 
the order of 100 times those found during the winter. Although the distribution was regular during 
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June 1953 
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Fic. 102. 


the spring, there was a general tendency for the number of cells to be considerably higher in the 
central part of the estuary—say 20 miles below London Bridge—than in the part near London 
Bridge. From July to November 1952 the concentration of cells within the estuary was very much 
higher than it was further seaward. 

The following is a digest of some notes furnished by Dr. Lund on the phytoplankton found 
between April and September 1952; the distance (in miles seaward of London Bridge) of each place 
mentioned, and the extreme range of salinity found there during that period, have been inserted 
in parentheses. 

_ Diatoms and Chlorophyceae (mainly Chlorococcales) constituted almost the whole population 
at each station in most weeks. The main exceptions were the occurrence of Phaeocystis at 
Southend (43 miles; 25 to 32 g/1000 g), Mucking (33 miles; 13 to 30 g/1000 g), and once at 
Broadness (23 miles; 5 to 24 g/1000 g). Dinoflagellates and blue-green algae (apart from a 
little Oscillatoria) were almost or wholly absent throughout. 

Chlorophyceae (green algae) appeared in quantity only in water of low salinity, for example 
from Putney (—74 miles; 0 to 1 g/1000 g) to Crossness (13 miles; 1 to 17 g/1000 g). Some 
green algae usually occurred at Broadness, but it seems unlikely that they persist for long. 
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When samples were allowed to stand, Scenedesmus developed well in water from Crossness. 
In this water also marine diatoms such as Cyclotella striata and Actinoptychus undulatus grew 
well in the laboratory but in water from West India Pier (3 miles; 0 to 10 g/1000 g) and Putney 
only a few cells of Cyclotella remained alive. 

At Broadness and Crossness—in the most polluted area—the phytoplankton which usually 
dominated were Cyclotella striata subsalina, or, early in the year, Skeletonema costatum. ‘The 
latter is well known as an abundant constituent of polluted brackish or marine water in Europe. 
There was a noticeable and inexplicable absence of planktonic blue-green algae at Putney; at 
the West India Docks the salinity may well be too high for them. The green algae found con- 
sisted almost wholly of those members of the Chlorococcales typical of eutrophic waters. 

The occurrence of 1-5 million Cyclotella cells per litre at Crossness during a prolonged 
period when no free oxygen could be detected in the water is remarkable. 


SHORT-TERM CHANGES IN DISSOLVED OXYGEN 


There are great difficulties in determining quantitatively the effect of algae on the state of 
oxygenation (particularly in so polluted an estuary as the Thames where oxidation of organic 
matter by bacterial action is always proceeding at a high rate) since, to obtain an estimate of the net 
change in oxygenation caused by algae, both the continuous withdrawal of oxygen by respiration 
and the liberation of oxygen formed in photosynthesis during daylight hours have to be taken into 
account. It will be seen later (pp. 343-345), that in the present survey the attempt to obtain quantitative 
information concerning the effects of the phytoplankton on the oxygen balance were unsuccessful 
and that all that could be done was to try to estimate roughly the order of size of the quantities 
involved. Some observations, however, were made during the survey and the results of these may 
be of interest. 

From May 1953 to September 1954, samples of water were taken weekly at points from Putney 
to Southend—a distance of 50 miles. Each sample was incubated for 3 h, at approximately the 
temperature of the estuary, in a bottle exposed to daylight; the change in its content of dissolved 
oxygen was compared with that which occurred in a duplicate sarnple incubated in darkness for 
the same period and at the same temperature. The fall in concentration of oxygen during the 
comparatively short period of incubation was almost always less in the sample stored in daylight 
than in that stored in darkness, indeed frequently there was a gain in oxygen in the samples exposed — 
to daylight. The largest observed gain was in a sample taken off Broadness (23 miles below London 
Bridge) on 11th May 1954, the concentration of dissolved oxygen increasing by 7:3 p.p.m. during 
the 3 h of incubation. Typical average monthly results of determining the 3-h uptake of oxygen 
by samples of estuary water in daylight are shown in Fig. 103. The net uptake was sometimes 
negative, particularly at the two ends of the estuary—the result of liberation of oxygen by photo- 
synthesis during the period of incubation. 
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Fic. 103. Average net uptake of oxygen by estuary water 
incubated for 3 h at its natural temperature in daylight, during 
three months in 1953 


CONDITION OF ESTUARY, 1951-54 177 


Average figures for the difference between the net uptake in light and dark are given in 
Table 62. ‘The differences were very small in the winter, but much higher in the spring and 
summer. 


Table 62. Average monthly values of difference (A—B) between net uptake of oxygen by estuary water 
incubated for 3 h at temperature of estuary, A in darkness, and B in daylight 


Figures are equivalent concentration of dissolved oxygen (p.p.m.) liberated during the 3 h by photosynthesis 





Miles from London Bridge at half-tide 


















































Above Below 
74 J 0 5 10 die 20 25 30 S88) 40 
1953 
May 1-18 | 0-73 | 1-79 | 1-16 | 2-01 | 2-51 | 2-40 | 0-48 | 0-14 | 0-14 
June 2:08 | 1-31 | 0-84 | 0-52 | 0-69 | 0-99 | 1-11 | 0-81 | 0-77 | 1-03 
July 2:04 | 2-05 | 1-94 | 1:34 | 0-76 | 0:62 | 0-77 | 1-27 | 1-20 | 0-50 | 0-28 
August 2:03 | 2-49 | 2-18 | 1°30 | 0:76 | 0:66 | 0-78 | 1-26 | 0-92 | 0-33 | 0-14 
September 1-24 | 1:18 | 1-19 | 0-86 | 0-67 | 0:54 | 0:46 | 0-61 | 0-69 | 0-24 | 0-09 
October 0-11 | 0-18 | 0-14 | 0:16 | 0-16 | 0-14 | 0-18 | 0-16 | 0-13 | 0-08 
November 0-03 | 0-04 | 0-04 | 0:04 | 0-15 | 0-09 | 0-08 | 0-06 | 0-09 
December 0:02 | 0-01 | 0-02 | 0-11 | 0:09 | 0-04 | 0-10 | 0:00 | 0-06 | 0-05 
1954 

January 0:00 | 0-01 | 0-07 | 0-05 | 0-00 | 0-02 | 0-01 | 0-13 | 0-03 | 0-02 
February 0-02 | 0-06 | 0-01 | 0-01 | 0-01 | 0-02 | 0-06 | 0-06 | 0-06 | 0-09 | 0-11 
March 0-09 | 0-07 | 0-03 | 0-06 | 0-05 |} 0-09 | 0-13 | 0-23 | 0-28 | 0-27 
April 0-66 | 0-31 | 0:20 | 0:06 | 0-26 | 1:13 | 1:70 | 1-82 | 1-45 | 1-11 
May 2:26 | 1:83 | 0:99 | 0-76 | 0:77 | 1:57 | 3-51 | 4-63 | 2-94 | 1-16 | 0-54 
June 1:03 | 0:77 | 0-62 | 0:63 | 1:13 | 2-31 | 3-20 | 2-39 | 0-65 | 0-42 
July 2:13 | 0:88 | 0-78 | 1:08 | 1°85 | 2-29 | 2-84 | 1-73 | 0-37 | 0-33 
August 0:94 | 0-86 | 0-78 | 0-81 | 1-04 | 1-23 | 1-33 | 1-45 | 1-07 | 0-37 | 0-23 
September 0:67 | 0:61 | 0:44 | 0-42 | 0-82 | 0:79 | 0:76 | 0:69 | 0-45 | 0-20 




















Some of the values from Table 62 are plotted in Fig. 104. These seem to indicate that the 
photosynthetic effect of algae was roughly the same in 1953 as in 1954, both at the mouth of the 
estuary (40 miles below London Bridge) and in the upper reaches (5 miles above London Bridge), 
but in the central reaches (25 miles below London Bridge) the effect seems to have been much 
greater in 1954 than in 1953. 
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Fic. 104. Average monthly values of concentration of oxygen liberated by 
photosynthesis in 3 h in estuary water 5 miles above, and 25 and 40 miles below, 
London Bridge at half-tide, May 1953 to September 1954 
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178 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 
VARIATION WITH DEPTH 


In the measurements of liberation of oxygen so far described, samples of water incubated while 
exposed to the light were contained in bottles immersed in a very shallow tank of water on the deck 
of the surveying vessel. In the estuary itself the intensity of light falls with increasing depth, but the 
diminution is not likely to follow any regular pattern, since the opacity of the water depends 
markedly on the concentration of suspended material and this is known to vary widely and rapidly 
as mud is eroded and deposited under changing tidal conditions. In a few experiments, large samples 
of water were taken from positions in the estuary where the counts of phytoplankton were known 
to be high; each sample was used to fill a number of bottles, of which some were darkened and 
some were not, and these were then suspended for 4-5 h at various depths in the estuary. Changes 
in the concentration of dissolved oxygen during this period were determined. Some typical results, 
from experinients made at a number of positions between 21 and 32 miles below London Bridge, 
are given in Fig. 105. When the sky was overcast the greatest liberation of oxygen by photosynthesis 
always occurred in the samples suspended immediately below the surface of the water; the 
quantity liberated decreased rapidly with increasing depth up tc about 5 ft. On very bright sunny 
days, however, the greatest liberation was found at a depth of 1 ft, and below this it decreased 
rapidly down to about 9 ft; at greater depths little or no further change occurred. 
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Fic. 105. Effect of photosynthesis on 

dissolved oxygen in samples suspended in 

bottles at various depths, 21-32 miles 
below London Bridge, May 1953 


15th May, overcast, immersed for 4 h 
20th May, brilliant sunshine, immersed for 5 h 
21st May, brilliant sunshine, immersed for 43 h 


When the survey was begun it was thought likely that the concentration of dissolved oxygen 
near the surface of the estuary would be significantly higher than near the bottom, both because 
oxygen dissolving from the air passes first through the surface and because photosynthetic production 
of oxygen would occur mainly in the upper layers. In fact, although small differences were observed | 
at times during the survey (usually near the seaward end of the estuary and amounting to a few 
per cent of the saturation value), no significant vertical oxygen gradient was maintained (but see 
p. 172). Presumably this is because the turbulence in the water was sufficient to disturb the gradient 
which would otherwise have been set up. 

It was thought also that when photosynthesis was occurring actively it might be possible to 
detect a difference in concentration of dissolved oxygen between day and night. A survey was 
made in bright sunshine, during the afternoon of 10th June 1953, between Tilbury and Southend 
(26 and 43 miles below London Bridge); the samples were taken from 6 and 30 ft. Just before dawn 
on 11th June a second survey was made in the same part of the estuary and at the same phase of 
the tidal cycle. There was, however, little difference between the concentration of oxygen found 
during the two surveys (Fig. 106); the largest difference (about 10 per cent saturation) was at a 
depth of 6 ft off Southend where the water was supersaturated at all depths during day and night. 
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Fic. 106. Variation in dissolved-oxygen concentration with salinity between Tilbury 
and Southend at depths of (a) 6 ft and (0) 30 ft on sunny afternoon of 10th and before dawn 
on 11th June 1953 


BIOCHEMICAL OXYGEN DEMAND 


BO. D> OF ESTUARY! WATER 


During the early stages of the investigation, it was thought that in pursuing one of its chief aims 
—that of developing a method by which the distribution of dissolved oxygen in the estuary could 
be predicted from a knowledge of the polluting load—it would be useful to determine the 
distribution of oxidizable matter in the tidal waters in terms of the B.O.D., and from this to 
calculate what distribution of dissolved oxygen would be expected. It soon became apparent that 
there were formidable difficulties in following this plan. For example, the salinity of samples for 
B.O.D. determination ranged from that of fresh water if taken from the upper end of the estuary 
to that of sea water if taken from the lower end. The B.O.D. of these samples was found to be 
markedly dependent on the type of water used for dilution before incubation, and particularly on 
the change in salinity which this dilution caused (see pp. 202-203). Moreover, the B.O.D. of a 
sample of water taken at a particular time in the estuary depends very largely on its content of 
suspended matter, and this varies widely and rapidly according to tidal conditions. A knowledge 
of the B.O.D. of large numbers of samples from the estuary was therefore found to be of little use 
in forwarding the main object of the survey, and the method adopted was to calculate the 
distribution of dissolved oxygen from a knowledge of the polluting loads. Nevertheless, it may be 
of interest to report briefly on the general magnitude and distribution of the B.O.D. of the estuary 
water as found by direct determination. 

Average curves for the B.O.D. throughout the estuary from April 1953 to March 1954 are 
given in Fig. 107; in making the determinations on which these curves were based, each sample 
was diluted with distilled water to which nutrient salts had been added?. In April-September 
the average maximum B.O.D. in the heavily polluted central reaches of the estuary was of the 
order of 25 p.p.m., or rather higher than is usually expected of a sewage effluent which is to be 
discharged to an inland stream; a few miles above London Bridge the B.O.D. during the summer 
months was about 20 p.p.m., indicating that the water in this part of the estuary was quite heavily 
polluted—a finding substantiated by other observations described elsewhere in the Report. The 
B.O.D. in the central reaches was considerably lower from October to the following March; this 
is likely to have been due to the effect of the greater influx of fresh water to the estuary during the 
winter months. 

Quarterly average curves, drawn from corresponding W.P.R.L. and L.C.C. data, are shown in 
Fig. 108. The large discrepancy between the curves is probably due mainly to the difference in 
sampling programmes and the corresponding difference in concentration of suspended organic 
matter, but rotation of the Laboratory’s samples during incubation may account for part of the 
discrepancy. 
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Fic. 107. Quarterly average distributions of B.O.D., 
April 1953 to March 1954 
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Fic. 108. Average distributions of B.O.D. in (a) third quarter of 1953 and (6) first quarter of 1954 
Comparison between curves calculated from data of W.P.R.L. (continuous lines) and L.C.C, (broken lines) 


B.O.D. ATTRIBUTABLE TO SUSPENDED MATTER 


In determining the B.O.D. of unsettled samples, the bottles in which the water was incubated 
were slowly rotated, end over end, in order to keep the solid matter dispersed in the liquid. 
Duplicate samples were allowed to stand overnight, the B.O.D. of the supernatant liquid then 
being determined without rotation. The effect of the concentration of suspended solids on the 
B.O.D. is illustrated by Fig. 109. It is clear that a large amount of oxidizable matter in the water 
was removed by sedimentation, that the B.O.D. attributable to dissolved oxidizable matter changed 


fi 


in a regular manner throughout the estuary, and that the irregular distribution of the B.O.D. of — 


unsettled samples was due mainly to the fortuitous presence of suspended solids. 

Generally, the smaller the concentration of suspended matter present at any time, the higher 
is the B.O.D. attributable to unit weight of dry material. This is because the larger particles, 
containing a high proportion of sand and a low proportion of organic matter, settle out first as the 
turbulence of the water/is reduced, leaving in suspension small particles of high organic content. 
If, for samples containing a relatively high concentration of suspended solids, this concentration 
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MILES BELOW LONDON BRIDGE 


Fic. 109. B.O.D. of unsettled and settled 

samples, taken 6 ft below surface on 29th 

January 1952, and corresponding concentration 
of suspended solids 


SUSPENDED SOLIDS (p.p.m.) 


Fic. 110. Difference between B.O.D. (p.p.m.) of 

unsettled (A) and settled (B) samples taken at depth 

of 30 ft on 29th January 1952 plotted against 
suspended-solids content 


Table 63. B.O.D. and suspended-solids content of samples taken during mid-flood of spring tide on 
29th January 1952 


Unsettled samples from depths of 6 and 30 ft, settled from 6 ft only 

















B.O.D. (p.p.m.) B.O.D. of 
Suspended solids (per 
solids cent dry 
Miles i (p.p.m.) weight) 
below | Unsettled, A | Settled, B| Pierence, C 100 (A-B) 
London i A-B Ty sft 
Bridge 
6 ft 30 ft 6 ft 6 ft SOF WiOFt S30 Ft Ope N30 ft 
0-4 16-64 1:60 15-04 170 8:85 
2:4 11-64 1-90 9-74 212 4-59 | 
4°5 11-20 1:96 9-24 269 3-43 
6:4 14-16 | 16-98 1:48 12-68 | 15:50 334 318 | 3:80 | 4-87 
8°3 1932013132) 3-80 1/5227 352 386 694 | 4:02 | 3:97 
10-3 11:96 | 49:38 4-34 7-62 | 45-04 238 | 1550 | 3-20 | 2:91 
12-3 10-40 | 82-70 5-04 5:36 | 77:66 265 | 2883 | 2:02 | 2-69 
14-3 5:16 | 14-64 4-10 1-06 | 10:54 116 301 | 0:91 | 3-50 
16-2 9-16 | 25-40 2:58 6:58 | 22-82 190 587 | 3:46 | 3-89 
18-2 13-28 | 19-84 2°50 10-78 | 17°34 379 459 | 2:84 | 3-78 
20:2 8-24 | 23-64 1-88 6:36 | 21-76 182 658 | 3:49 | 3-31 
24-2 6°88 | 12-92 0-72 6:16 | 12:20 148 358 | 4:16 | 3-41 
26-2 5:84 | 15-20 1-26 4-58 | 13:94 60 366 | 7°63 | 3-81 








is plotted against the B.O.D. due to suspended matter, a reasonably smooth curve is obtained 
(Fig. 110). Under these conditions the weight of oxygen taken up by the suspended matter when 
incubated for five days at 20°C is of the order of 3 per cent of the dry weight of solid material. The 
figure may be considerably higher, and it also tends to be much more variable, when relatively 
small quantities of suspended matter are present (‘Table 63). 


3-HOUR OXYGEN DEMAND 


An attempt was made to determine directly the rate at which oxidation was proceeding in the 
estuary water. Samples, aerated when necessary by shaking in contact with air, were immediately 
incubated in the dark at the temperature of the estuary; the concentrations of dissolved oxygen 
before and after a period of incubation of 3 h were determined. The results may be expected to 
depend largely on whether or not a sample contained sulphide, since this would be oxidized much 
more rapidly than organic matter or ammonia which normally constitute the greater part of the 
oxidizable material in the water. Averages for April 1953 to September 1954 are shown in Fig. 111. 
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MILES BELOW LONDON’ BRIDGE AT HALF — TIDE 
Fic. 111. Quarterly average distributions of 3-h oxygen demand, April 1953 to September 1954 


When this figure is compared with Fig. 107 it is seen that the shapes of the curves for the 
3-h and 5-day uptakes are different and that in particular the ratio of the B.O.D. to the 3-h uptake 
is much higher in the upper reaches than elsewhere in the estuary. One probable reason for this 
higher ratio is that many of the discharges entering these reaches (especially those from the Upper 
Thames and Mogden Sewage Works) contained greater proportions of material oxidized relatively 
slowly (see Chapters 8 and 9). 


pH VALUE 


The pH value of the upper layers of water is stated to be rarely below 8-0 or above 8-3 in open 
oceans’, and to vary between 8-13 and 8-28 in the English Channel off Plymouth’, the highest 
values being found during the summer when phytoplankton are assimilating carbon dioxide. 

Water of the Thames at Teddington has a pH value between 7-5 and 7-8 during the greater 
part of the year, but values higher than 8-5 have been found, particularly during the spring and 
summer. On one occasion (13th May 1949) when a high degree of oxygen supersaturation was 
observed below ‘Teddington Weir—see Fig. 100(c) (p. 173)—the pH value there was found to 
be 9-1. At Southend, near the mouth of the estuary, values between 7:2 and 8-3 were observed 
during surveys in 1953-54. Between Teddington and Southend the pH value of the estuary water 
is normally below that at either end, the minimum value occurring in the central part of the estuary. 
Quarterly curves for the Laboratory’s data are shown in Fig. 112, and the range of values found 
during a period of 14 months is given in Table 64. 

In April-June 1949, some 120 sets of samples were taken at three depths at various points 
throughout the estuary. The average difference between the highest and lowest pH values for 
the three depths was 0-05, and there was no marked tendency for the highest values to occur at any 
particular level. 
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MILES BELOW LONDON~ BRIDGE AT HALF —TIDE 
Fic, 112, Average distributions of pH value in (a) first and (6) second quarters of 1954 
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Table 64. Range of pH values of water at Putney and off Southend 
and of minimum values, May 1953 to June 1954 





At Putney Wienente: Off Southend 
(74 miles above paieideanil (43 miles below 
London Bridge) London Bridge) 


1953 
May 7°74-7°85 7°44-7-48 7:63-7:95 
June 7:65-7:95 7:41-7-49 7:82-8:18 
July 7:59-7:80 7-32-7-43 7:60-7:83 
August* 7:76 YESSY te OF] 
September 7+ 68-7: 81 7+ 20-7: 46 7-22-7:91 
October 7°48-7-92 7:26-7:39 7:26-7:70 
November 7-66-7-70 7:20-7:42 7-20-7:47 
December 7:48-7:65 7:03-7:39 7+35-7-81 

1954 
January 7:62-7:89 7:21-7-42 7+53-7: 64 
February 7:64-7:88 7+ 30-7-39 7:51-7:97 
March 7:79-7:84 7:13-7-40 7-50-8:-27 
April 7°75-7: 94 7:19-7:34 7-53-7:98 
May 7+73-7:93 7:27-7-42 7:68-7:96 
June 7:67-7:86 7:34-7:45 7:57-7:74 





* Only one set of values during this month. 


OXIDATION-REDUCTION POTENTIAL 


The oxidation-reduction, or redox, potential in the estuary was measured regularly during 
1952-53 using a platinum/saturated-calomel electrode system (p. 573). This potential may be 
described as a measure of the tendency for oxidizing or reducing reactions to take place. In general, 
the more negative the potential the more polluted is the water, and it was found that the value of 
the redox potential varied continuously throughout the length of the estuary with the lowest (most 
negative) values occurring in the middle reaches. When the redox potential is plotted against 
position in the estuary a curve is obtained which is of the same form as the oxygen sag curve, but 
which differs from it in that it shows changes in the condition of the water even under anaerobic 
conditions. Monthly average values of the redox potential are shown in Fig. 113; the minimum 
generally occurred between 10 and 15 miles below London Bridge at half-tide, but in November 
1953 a freshet caused a seaward displacement of the most polluted water. 

In all the samples taken during April-December 1953, dissolved oxygen was absent when the 
redox potential was negative. On only two occasions in over 200 was dissolved oxygen found when 
the potential was less than +100 mV. 
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Fic. 113. Monthly average values of oxidation-reduction 
potential in 1953 
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NITROGEN COMPOUNDS 


OXIDATION AND REDUCTION 


The chief sources of supply of combined nitrogen to the estuary are the Upper Thames (in 
which the nitrogen is present largely as nitrate) and the sewage effluents and the more polluted 
tributaries (in which it is present mainly as ammonia or as a constituent of organic matter). In 
the estuary these nitrogen compounds take part both in oxidation and reduction processes and are 
an important factor in determining the distribution of dissolved oxygen. Much less is known than 
could be wished about the precise conditions under which these processes occur, but the main 
picture, based on the evidence given in Chapters 8 and 10, seems reasonably clear. In general terms 
it may be stated that when ammonia is present in water containing more than a certain concentration 
of dissolved oxygen it is oxidized through nitrite to nitrate, and that when nitrate is present in water 
containing less than a certain small concentration of oxygen it is reduced to gaseous nitrogen. 
However, although in later chapters it has been necessary to assume that there is a critical oxygen 
concentration below which nitrification ceases, and a critical concentration above which there is 
no denitrification, the situation is more complicated than this, there -eing no critical threshold values 
at which the rates of these reactions change discontinuously, but rather a range of concentrations 
over which the rates change between zero and their maximum values; this point is illustrated 
by Fig. 252 (p. 460). 


OXIDIZABLE NITROGEN 


The only inorganic oxidizable nitrogen compound likely to be of importance in the Thames 
Estuary is ammonia. Although nitrites (which form only a small proportion of the total combined 
nitrogen) can be further oxidized, it is customary to classify them as oxidized nitrogen. 


Ammoniacal nitrogen (free and saline ammonia) 


Examination of the Laboratory’s samples for ammoniacal nitrogen was made on the launch 
immediately after they had been taken. The method (described on p. 573) consisted in steam 
distillation of the sample from a borax buffer solution, nesslerization of the distillate, and measure- 
ment with a photoelectric absorptiometer. 

Two quarterly average curves are shown in Fig. 114, where they are compared with the 
corresponding L.C.C. data. It may be seen that, on average, the concentrations found by the 
Laboratory exceeded the L.C.C. figures by about one-sixth, and that in the middle reaches the 
discrepancy amounted to over 1 p.p.m. The L.C.C. values are determined by direct nesslerization® 
of samples which are made alkaline and filtered. It is understood that each sample is examined 
ashore on the day it is taken. 

The situation is confused by the presence of substantial amounts of urea in the effluent from 
Northern Outfall. This will tend to make the experimental values for the ammonia content too 
high—particularly in the method used by the Laboratory; on the other hand, the longer delay 
before analysis of the L.C.C. samples will give rise to uncertainties in the L.C.C. values. 
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Fic. 114. Average distributions of ammoniacal nitrogen in (a) first and (6) third quarters of 1954 
Comparison between curves calculated from data of W.P.R.L. (curves) and L.C.C. (points) 
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Organic nitrogen 


No regular determinations have been made, by either the Laboratory or the L.C.C., of the 
organic nitrogen present in the estuary water, nor of the albuminoid nitrogen (which forms an 
uncertain proportion of the total organic nitrogen) although these two constituents were among 
those most frequently determined in the latter part of the nineteenth century. 


OXIDIZED NITROGEN 


Oxidized nitrogen occurs in the estuary as nitrite and nitrate; regular determinations of both 
these forms were made by the Laboratory and have also been made for many years by the L.C.C. 


Nitrous nitrogen (nitrite) 


Only small concentrations of nitrite are found in the estuary. When expressed as a proportion 
of the total inorganic nitrogen the highest value is usually at the seaward end of the estuary (‘Table 
65). Quarterly average distributions, based on the data of the Laboratory and of the L.C.C. are 
compared in Fig. 115; individual averages of the L.C.C. figures have been plotted since it was not 


Table 65. Nitrous nitrogen, present at given positions in estuary, as percentage of total inorganic nitrogen 


| Miles from London Bridge at half-tide 


















































Above | Below 
10 5 0 5) 10 ES, 20 25 30 35 40 
1953 
September 1:10 | 0-59 | 0-12 | 0:02 | 0-02 | 0-09 | 0:20 | 3-05 | 8-64 |10-70 
October 1-22 | 0-79 | 0-02 0 0 0 0:04 | 1:29 | 4-15 | 5-70 
November 1:46 | 1-40 | 0-51 | 0:41 | 0:04 | 0-08 | 0-28 | 0:78 | 3-10 | 4-49 
December 1-00 0 0 0-02 | 0:05 | 0:64 | 2°38 | 3:11 
1954 
January 0-73 | 0-78 | 0:67 | 0:26 ! 0:04 | 0:08 | 0-24 | 0-80 | 1-33 
February 0-44 | 0-80 | 1-40 | 1-64 | 1-25 | 0:67 | 0:54 | 0:32 | 0-42 | 0:68 
March 0-534) 0°61 || 0-71 |- 1:29 | 0-74 | 0-79") 0-77 70-81 | 1-09: | 1°18 
April 0-82 | 1-08 | 0:78 | 0:46 0 0-18 | 0-58 | 1:19 | 1:89 | 2-79 
May 0°44 | 0-59 | 0-60 | 0-44 | 0-05 0 0:07 | 0:64 | 1-24 | 1-36 | 1-37 
June 2:04 | 2-33 | 2-37 | 1-36 | 0-28 | 0-08 | 0-24 | 1-68 | 4°44 ; 4:96 
July 1-40 | 1:59 | 0-57 0 0 0 0:26 | 2:64 | 5-62 | 6:75 
August 1:44 | 1-20 | 0-92 | 0-02 0 0 0-80 | 2°86 | 4:78 | 5:62 
September 0-61 | 0:91 | 0:66 | 0:14 0 0 0-01 | 0-34 | 1°54 | 4:37 | 5-46 
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Fic. 115. © Average distributions of nitrous nitrogen (nitrite) in (a) first and (6) third quarters of 1954 
Comparison between data of W.P.R.L. (curves) and L.CLCr (ports) 


186 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


found possible to draw a smooth curve through them. The large disparity between the two sets of 
results has not been accounted for. Both sets of data were determined by the Griess-Ilosvay method®; 
the Laboratory’s samples were examined immediately after being taken and the L.C.C.’s generally 
within a few hours. The reason for the high nitrite figures found by the L.C.C. for water off 
Northern Outfall (half-tide positions roughly 7 and 15 miles below London Bridge at low water 
and high water respectively) is unknown. In the first quarter of 1954, to which Fig. 115(a) refers, 
conditions were nowhere anaerobic throughout the quarter, but the sag curve based on L.C.C. 
data shows that the average content of dissolved oxygen was less than 2 per cent saturation from 
11 to 21 miles below London Bridge at half-tide; in the third quarter—Fig. 115(b)—there was no 
dissolved oxygen from 14 to 21 miles and less than 2 per cent saturation from 6 to 24 miles. 


Nitric nitrogen (nitrate) 


The distributions of nitric nitrogen and of total oxidized nitrogen, as determined by the 
Laboratory and by the L.C.C., are compared for two quarters in Fig. 116. There is reasonable 
agreement between the two sets of data when the nitric nitrogen exceeds about 2 p.p.m., but the 
L.C.C. figures are substantially higher in the middle reaches of the estuary, particularly when 
conditions are anaerobic. No explanation has been found for this discrepancy. The L.C.C. nitrate 
determinations are made by treating samples with Devarda’s alloy in the presence of sodium 
hydroxide; the resulting ammonia is determined, and the nitrate content is found by subtracting the 
known concentrations of ammoniacal and nitrous nitrogen. The method used by the Laboratory is 


described on p. 574. 
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Fic. 116. Average distributions of nitric nitrogen (broken lines and crosses) and total oxidized 
nitrogen (continuous lines and circles) in (a) first and (b) third quarters of 1954 


Comparison between data of W.P.R.L. (curves) and L.C.C. (points) 


It was generally observed, when examining quarterly average distributions, that the portion of 
the estuary found by the Laboratory to be devoid of nitrate was almost the same as that found, 
both by the Laboratory and by the L.C.C., to contain no dissolved oxygen. An example of this 
relation can be seen from the distributions for the third quarter of 1954 in Figs. 99(a) (p. 172) 
and 116(b); in the calculations described in Chapters 17 and 18 it is assumed that while nitrate is 
present the dissolved oxygen does not fall to zero. 


TOTAL INORGANIC NITROGEN 


In view of the differences found between the Laboratory’s and the L.C.C.’s figures for 
ammoniacal, nitrous, and nitric nitrogen, it is of interest to compare the two sets of data for the 
sum of these three constituents—namely, the total inorganic nitrogen. This comparison is made in 
Fig. 117 where the L.C.C. data are shown by the encircled points. It is seen that there is satisfactory 
agreement between the two sets of data—particularly in (b) which relates to the third quarter of 
1954. In the first quarter of the same year, (a), there is some irregularity in the L.C.C. data between 
10 and 20 miles below London Bridge at half-tide. 
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Fic. 117. Average distributions of total inorganic nitrogen in (a) first and (5) third quarters of 1954 
Comparison between data of W.P.R.L. (curves) and L.C.C. (points) 


In Fig. 118(a) is shown a typical picture of the distribution of inorganic nitrogen in the estuary 
under summer conditions as found by the Laboratory; the flow at Teddington was 354 mil gal on 
the day of this survey, and had been below 600 mil gal on each of the four previous days. At this 
time there was a long anaerobic reach in the centre of the estuary. The concentration of nitric 
nitrogen 11-5 miles above London Bridge was about 43 p-p-m. (a value typical of the upper river) 
and then fell steeply to zero, almost all the fall occurring in the wholly anaerobic part. The total 
inorganic nitrogen also fell, and this supports the thesis (pp. 247-249) that under anaerobic 
conditions most (if not all) of the nitrate is reduced to nitrogen and not to ammonia. The large 
rise in concentration of ammonia in the centre of the estuary is, of course, due to the discharge of 
effluents containing ammonia, or organic matter which gives rise to it. In interpreting the distribution 
of the various forms of nitrogen, account has to be taken of the fact that the effluents forming the 
chief source of the nitrogenous material are progressively diluted as the sea is approached. 
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Fic. 118. Distribution of dissolved oxygen, inorganic nitrogen compounds, and salinity on 
(a) 31st August and (b) 23rd February 1954 


An example of the type of distribution of nitrogenous compounds found during wet weather 
in the winter is given in Fig. 118(b); the flow at Teddington was 2154 mil gal on the day of this 
survey, and had been above 2500 mil gal on each of the four previous days. Here, it appears, nitrate 
was being reduced in the presence of dissolved oxygen. The estuary at this time contained only a 
very short anaerobic reach and some nitrate persisted throughout. 

A general picture of the proportion of the total inorganic nitrogen which was present as nitrate 
in different parts of the estuary from September 1953 to September 1954 is shown in Fig. 119, 


188 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


20-40ff]]|) 40-0] 0-77 ver 0 KY 



























































MILES BELOW LONDON BRIDGE 


Sept Oct. Nov. Dec. Jan, Feb. Mar. Apr. May June July Aug. Sept. 
; 1953 1954 


Fic. 119. Position in estuary where stated percentages of total inorganic nitrogen were present as 
nitrate from September 1953 to September 1954 


SULPHATE 


The distribution of sulphate was examined on four occasions in November 1949 and March 
1951. The relation between sulphate and chloride, and the total quantity of sulphate in the estuary, 
are discussed on pp. 257-258. 


SULPHIDE 


At the start of the survey it was known, from the results of determinations made by the L.C.C. 
over many years, that no substantial amount of sulphide was ever found in the estuary water until 
the concentration of dissolved oxygen had fallen to zero; similar results were obtained in laboratory 
experiments reported on pp. 259-261. With the onset of anaerobic conditions the suspended solids 
carried by the tide darken, but until they become almost black (from the presence of ferrous 
sulphide) little dissolved sulphide can be detected in the water and the smell of hydrogen sulphide 
is not noticeable in the area. Indeed, it is understood that, in the first years during which sulphide 
was regularly determined, there were few complaints of smell until the total concentration of 
sulphide (including that associated with suspended matter) exceeded 1 p.p.m.; theoretical con- 
siderations concerning the escape of sulphide from the water to the air above it are discussed on 
pp. 265-269. 

The concentration of sulphide was among the determinations made in the regular surveys of 
the condition of the estuary carried out by the Laboratory from 1951 to 1954; the results of all 
the observations are given in Table 66. The figures were obtained by plotting observed values 
against half-tide position and taking values every 24 miles; ‘0’ indicates no sulphide detected, 
‘0-0’ sulphide detected but less than 0:05 p.p.m. 

In Table 67 are shown the approximate dates when the reappearance of sulphide was first 
noted in each of the four years, together with some particulars of the water in which it was first found. 
In 1951 only total sulphide, whether dissolved or insoluble, was determined; later (from August 
1952), when a satisfactory analytical method (Appendix, p. 574) had been developed, soluble and 
total sulphides were determined separately. In 1953 the examination of samples for sulphide 
content was not begun until 30th June, but on Ist June it was noticed that the water had darkened 
and that the smell of sulphide was perceptible. In daily samples taken at high and low water off 
Southern Outfall, the L.C.C. detected small quantities of sulphide at dates earlier than those shown 
in each of the four years in Table 67. However, as the Laboratory’s surveys were generally made 
weekly, and the distance between sampling points was 2-3 miles, it is to be expected that daily 
examination of the estuary at the point where sulphide is most likely to occur would show small 
amounts of sulphide somg/time before it was found in the surveys through the estuary; the con- 
centrations found off Southern Outfall were not incompatible with the results of the weekly surveys. 
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Table 66. Concentrations, in p.p.m. as S, of total sulphide and dissolved sulphide 
(in parentheses) in estuary at half-tide, 1951-54 





Miles below 1951 
London Bridge | June 27 June 28 July 6 July 13 July 20 July 27 Aug. 3 Aug. 13 
23 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0-1 
7+ 0 0-2 0-3 0:4 0-6 1-9 0-1 
10 0 0:2 1-2 0-4 3-2 2°1 4-4 0-4 
123 0 0-3 2°3 1-6 3°7 222 a5 0:8 
15 0 0-3 2-0 1-2 2:9 1-8 25 0:3 
173 0 0-1 1-0 0:7 1-9 1-0 1-0 0-1 
20 0 0-6 0-1 1°3 0:4 0-9 0 
224 0 0:3 0 0:7 0-3 0-3 0 
25 0 0 0 0-4 0 0-2 0 
274 0 0 0 0-6 0 0 0 
Aug. 21 Aug. 28 Sept. 4 Sept. 11 | Sept. 18 | Sept. 25 Oct. 3 Oct. 9 
24 0 0 0 0 0 0 0 0 
5 0:5 0 0 0 0 0 0 0 
7% 1-4 0-1 0-4 0-1 0-3 0-1 0:6 0 
10 0-5 0-7 0-8 0-8 1-3 0-6 1<5 0:5 
123 1-8 0-8 1-8 1°7 1°5 0-5 2°9 2:4 
15 0-8 0:7 1-5 0-7 1°3 0-1 2:6 ae 
173 0-1 0-3 0-9 1-0 0:8 0 1-9 2:2 
20 0 0 0-6 0-3 0:6 0 1-8 1-9 
224 0-4 0 0-3 0-1 0-2 0 0:8 0-9 
25 0-5 0 0-3 0-1 0-1 0 0-5 0:2 
274 0-3 0 0 0 0 0 0:3 0-1 
1952 
Octs17 Octs 23, Nov. 2 Nov. & Nov. 15 June 12 June 19 June 27 
23 0 0 0 0 0 0 
5 0:2 0 0 0 0 0 0 0 
7% 3-3 0 0-9 0 0 0 0 0 
10 4-0 Li7 1-9 0 0 0 0-1 0-0 
124 5:6 2:6 3-2 0 0 0-1 0-1 0-0 
15 4:9 2:2 2:7 0:2 0 0-0 0 0 
173 3-6 1-4 1-7 0-4 0 0 0 0 
20 2:4 0-3 1-1 0-2 0 0 0 0 
224 0:8 0:2 0:3 0:3 0 0 0 0 
25 0-3 0 0:2 0 0 
274 0 0 0 0 0 
July 18 July 25 Aug. 7 Aug. 14 Aug. 21 Aug. 27 Sept. 5 Sept. 17 
23 0 0 
5 0 0-3 0 0 (0) | 0-9 0 (0) 
74 0 0:5 0 (0) O (0) | 0-4 (0) | 2-6 (1:1) | 1:1 (0-4) 
10 0-1 2-1 1-8 (0:5) | 0 0-4 (0-3) | 2:0 (0-6) | 3-5 (1-7) | 2-7 (1-3) 
123 0-1 3-0 2-8 (1-2) | O-1 (O) | 1-1-8) | 2:6 (4-0) | 3-8 (2-0) | 3:1 (1-7) 
15 0-1 2°5 2:0 (1-3) | O-1 (O) | 1-4 (0-5) | 2-0 (0:8) | 3-0 (1-4) | 2°3 (1-3) 
174 0-1 1-8 0-9 (0-5) | 0 1:4 (0:4) | 1-2 (0-3) | 1-6 (0-7) | 0-9 (0-3) 
20 0 0-5 0-2 (0) 0:3 1-5 (0-0) | 0-8 OF. (0; 
224 0 0-4 0-1 0-0 0-4 (0) | 0:8 
25 0 0 0-3 
274 0 0-0 0 
Sept. 25 | Sept. 26 Oct. 1 |Oct.3(a.m.)|Oct.3(p.m.)| Oct. 9 Oct. 16 Oct. 24 
0 0 0-1 
23 0-2 (0) | 0-2 (0) 0 (0) 
5 0 0 (0) | 0-3 (0-1) | 0-5 (0:0) | 0-0 (0) 0 (0) 0 (0) 
7% 0-1 (0) | 0-2 (O) | 0-6 (0-1) | 1-5 (0-1) | 0-4 (0) | 0-5 (0-0) | 0-3 (0-0) 
10 0-2 (0) | 0-8 (O) | 1-2 (0-1) | 0-8 (0-1) | 0-6 (0) 1-1 (0-0) | 0-7 (0-1) 
124 0-3 (0) | 0:8 (0-3) | 1-2 (0-1) | 0-6 (0-1) | 0-4 (0) | 1-0 (0) | 0-8 (0-2) 
15 0-2 (0) | 0-4 (0) | 0-7 (0-0) | 0-1 (0) | 0-3 () | 0-8 (-1) | 0-6 (0-1) 
174 0:4 (0:1) | 0-1 (0) O (0) | 0-5 (0) O (0) | 0-1 (0) | 0-5 (O) | 0-4 (0-0) 
20 0:2 (0) Oxes(O} 0-9 (0) 0 (0) | 0-3 (0) 0 (0) | 0-2 (0-0) 
224 0 (0) 0-2 (0) 0 (0) 0-1 (0) 
25 0 (0) 0-1 (0) 0 (0) 0 (0) 
274 0 (0) 
1953 
Oct. 30 Nov. 4 Nov. 13 Nov. 18 June 30 July 7 July 21 Aug. 5 
0 0 (0) 
24 0-2 (0) On(0) 
5 0-6 (0) 0-3 - (0) | .0-2 (0) (0) 0 (0) | 0-3 (0) 
7k 0-1 (0) | 0-4 (0) 0-4 (0) | 0-9 (0-2) (0) | 0-8 (0) | 0:7 (0) 
10 0-2 (0) | 0-5 (0) 0-4 (0) | 1-8 (1-0) (0-5) | 2-2 (0-4) | 1-5 (1-0) 
124 0-4 (0) | 0-3 (0) 0” (OO) | 0-2" ()” | 3*2 (1-8) (1-6) | 1-7 (0-7) | 1°6 (4-1) 
15 0-3:°(0) }-0°2) (0) |.0+1) (O)" [:0e2” (yp: T 3-2 (1-6) (2-7) | 1-6 (0-6) | 1:6 (0-7) 
173 0:1 (0) | 0-0 (0) 0 (0) 1-6 (0-7 (3-5) | 0-7 (0-6) | 0-8 (0-6) 
20 0 (0) 0-7 (0) (1-4) | 0-3 (0-0) | 0-2 (0) 
224 0 (0) : i. (0) (0) 0 (0) | 0-2 (0) 
25 : 
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Table 66 (continued) 



































Miles below 1953 
London Bridge | Aug. 12 Aug. 19 Aug. 26 Sept. 2 Sept. 9 Sept. 23 Oct. 7 Oct. 14 
0 0:2 
23 0-2 0 (0) 
5 0:2 0-1 (0) 1-7 (O22) 8035) (Olle ee 7, 1-4(0-7) | 1-7 (0) | 0-3 (0-0) 
7t 1°7:(0°8) |) 2-1 (0-6) | 2°9 (0-9) |62-2 (0-6) [93*7 (<4) 103-4 1-7) | 3°5 (2-0) aes 
10 3°1 (1-9) | 3°8 (2-4) | 3-2 (2:3) | 4-6 (1-9) | 5:0 (3-2) | 3-8 (2-7) | 4-7 4-0) | 3°6 (2-2) 
124 3-5 (3-1) | 4°3 (3-4) | 3-2 (2-6) | 4-4 (2:3) | 3-9 (2:7) | 4-1 (2-1) | 4-6 (3-2) | 3-4 (1-9) 
15 3-1 (1:7) | 4°2 (2°6) | 2°2 (+7) |-3-2°(1-6) 1-30 (2:4) |) 3*1 G-0) 14-456" 6)sie2e sr G6) 
174 2°1 (0:8) |-3°0 (1-5) }.1-9 (1°2) | 2-7 (0-9) 1-1-3 (0:3) 11-2 (0:5) 18250 (G=7aie ieee 
20 0-8 (0) | 0:5 (0-2) | 0-2 (0-0) | 1-2 (0-2) | 0-6 (0) | 0:4 (0-2) | 0-6 (0-2) | 1-0 (0-3) 
224 0-1 (0) 0-1 (0) 0} (0) 1 0282 (0) 
Oct. 21 Oct. 28 Nov. 4 Nov. Il Nov. 18 Nov. 25 =] Deche Dec. 9 
5 0:9 0:2 (0) 0 (0) 0-1 (0-1) 
73 3-5 (2-4) | 1:1 (0:9) O22. (0) (8037 (CO) ROBO) 0:7 (0-1) 
10 5-5 (4:0) | 3-0 (2:1) 0-1 (0) | 0-8 (0-1) | 0-5 (0-1) | 2:4 (0-4) | 1:0 (0:2) 
124 5-6 (4-1) | 3-9 (2:5) 0:3 (0-2) | 1:1 (0-3) | 1-1 (0-3) 9322 1-0) 3335-4) 
15 3:6 (3-0) | 2:8 (2:2) | O (0) | 0:3 (0-2) | 0-8 (0-4) | 0-9 (0-5) | 1-9 (0-8) | 2-7 (1-0) 
174 2:2 (1:5) | 1:9(1°5) | 0-4 (0:3) | 0-2 (0) | 0-4 (0:2) | 0-3 (0-2) | 0-9 (0:4) | 1-0 (0-4) 
20 1:1 (0-2) | 0:9 (0-6) | 0-9 (0-2) | 0-2 (0) | 0-1 (©) | 0-2(0:1)] 0-7 (CO) 0:3 (0-0) 
224 0:5 (0:2) 0-7 (Ost) see On(O) 0 (0) | 0-1 () | 0-2 (O) 0 (© 
25 0:2 (0) 0:4 (0) 
274 0 (0) 
1954 
Dec. 16 Dec. 23 Dec. 30 Jan. 6 Jan. 13 Jan. 20 Jan. 27 May 4 
0 0 (0) 
24 0 (0) 0-1 (0) 0 (0) 0 (0) 
5 0:3 (0) 0-4 (0) 0-1 (0) 0 (0) 
7% 1-1 (0) 0-9 (0) 0-6 (0) 0-3 0-3 (0) 0-3. (0) 
10 3°0(0-9) a 2-9-2)" 191-6) (0) 1-1 0-6 (0) 0-1 (0) (0) 
124 2°6 (1-6) | 3°3 (1:4) |°2°3 (O) 2:1 (0-4) | 1-3 (0-0) | 0:2 (0) 0 (0) (0) 
15 3:2 (1-0) |) 2°6 (1-1) |52°3 (1) 19323" O-6) 8027 O:1) 80-0) 0 (0) (0) 
174 2-0) (0-3), \et-8 (0-1) 191-3) (0) 2:5 (0:2) | 0-4 (0:0) | 0-1 (0) 0 (0) 
20 1:0 (0:2) | 06 (0) 0-6 (0) 0-8 (0) 0:3 (0) 0 (0) 
224 0-7 (0-1) | 0°5 =(0) 0:5 (0) 0-4 (0) 0:0 (0) 
25 0°6 (0) 0-1 (0) 0:2 
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Table 67. Particulars of tidal water when reappearance of sulphide was first noted by the Laboratory 
in 195] to 1954 








1951 1952 1953 1954 
Date when sulphide first reappeared 28th June 12th June 1st June 18th May 
Average flow of water over Teddington Weir during 
previous week (m.g.d.) 894 749 351 615 
Particulars of water in which sulphide was first found 
Temperature (°C) 19-2-19-9 19-5-20-6 18-4-19-4 15-0-17-0 
Salinity (g/1000 g) 4-5— 8:5 6:4- 9-6 7-0-10-7 4-7-11-2 
Position at half-tide (miles below London Bridge) 8-1-14-1 11-8-15-9 9-5-14-2 7°1-14-1 
Redox potential, Eq (mV) — +59 to +62 +86 —39 to +109 
Approximate length of estuary devoid of oxygen 14 12 14 16 
(miles) 





After each winter, sulphide appeared first in the centre of the estuary, between 7 and 16 miles 
seaward of London Bridge, in water of comparatively low salinity (4 to 12 g/1000 g), when the 
temperature was above 15°C. At the time sulphide was first found, there was already in the estuary 
a reach, from 12 to 16 miles long, in which no dissolved oxygen could be detected. It was noticed 
in each of the four years that once sulphide had been formed it persisted in the estuary as long 
as any reach remained anaerobic; for instance, sulphide was present in suspension and solution at 
the end of December 1953, and it was not until the middle of January 1954—-when an increase in 
fresh-water flow coincided with a gale—that it could no longer be detected. 

Despite the fact that the suspended matter, which contains a large part of the total sulphide in 
the form of ferrous sulphide, varies in amount over the tidal cycle, there is a great deal of regularity 
in the distribution of sulphide throughout the estuary (Fig. 120). The maximum concentrations at 
half-tide were nearly always found in the reaches between 10 and 15 miles below London Bridge— 
that is to say in the neighbourhood of the L.C.C. sewage outfalls. It is seen from Fig. 120 that the 
average maximum concentration of total sulphide during September—October 1953 was about 
44 p.p.m. and that two-thirds of the total sulphide was in solution. 
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Fic. 120. Monthly average concentrations of (a) total and (b) soluble sulphide, 
August 1953 to January 1954 


Considering the differences in the average concentration of suspended matter in samples taken 
by the Laboratory and by the L.C.C. (Fig. 128, p. 198)—due to different tidal conditions at the time 
of sampling—there is remarkably close agreement between the figures for total sulphide (Fig. 121). 
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Fic. 121. Average distributions of total sulphide and dissolved sulphide for (a) third and 
(6) fourth quarters of 1953 


Comparison between curves calculated from data of W.P.R.L. and L.C.C. 


RELATIONS BETWEEN SULPHIDE AND OTHER FACTORS 
Dissolved oxygen 


In an estuary where large bodies of water of different composition are mixing continuously as a 
result of turbulence, it might be expected that sulphide and dissolved oxygen would often be 
present together—the purely chemical reaction between them having not yet proceeded to 
equilibrium. In practice, however, these two substances were rarely found to co-exist in samples 
taken during the Laboratory’s surveys. On the few occasions when both were found, the con- 
centration of each was always small. One particular sample, for instance, containing 0-1 p.p.m. 
dissolved oxygen, had 0-14 p.p.m. sulphide in suspension and none in solution, and such 
concentrations are typical of those found when the two substances were present together in the same 
water. The fact that sulphide and dissolved oxygen are rarely found together, and then only in 
very small concentrations, indicates that the reaction between them must be a fairly rapid one—a 
conclusion which is borne out by the experimental evidence described on pp. 273-274. 

Generally, when sulphide was present in the estuary, the area in which it was found corresponded 
quite closely with that in which there was no dissolved oxygen; this is illustrated in Fig. 122 which 
shows the reaches of the estuary in which sulphide occurred and in which no oxygen was found 
from March to November 1951 at approximately low water of (a) spring and (b) neap tides. Both 
the length of the anaerobic reach, and that of the reach containing sulphide, tended to be longer 
(at low water) at springs than at neaps. This was not investigated in any detail but it was thought 
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Fic. 122. Distributions of dissolved oxygen and sulphide in estuary at low water at (a) springs and 
(6) neaps in March—November 1951 


Numerals indicate dissolved oxygen (per cent saturation) 
Reaches where sulphide was present are hatched 


CONDITION OF ESTUARY, 1951-54 193 


that it might well be due to the fact that the quantity of mud (which would contain sulphide) carried 
in suspension is greatest during spring tides when the tidal velocities are highest, and that in 
addition more sulphide might well be liberated at low water from bottom deposits during springs 
than during neaps. It is shown on p. 315 that some of the methane and carbon dioxide formed 
by anaerobic fermentation of bottom deposits escapes as bubbles; these mixed gases are known to 
carry away with them hydrogen sulphide formed within the bottom deposits. The rate of escape 
is related to the hydrostatic pressure, being greatest shortly before low water, and greater during 
the ebb tide than during the flood and from neaps to springs than springs to neaps. 

One result of its rapid oxidation is that sulphide in the estuary may disappear quite rapidly if 
the concentration of dissolved oxygen in the water suddenly increases. It is shown on pp. 361-363 
that fairly rapid oxygenation of the water may occur during a gale, and it is known also that one 
effect of a gale is to bring about a rapid disappearance of sulphide, or at least a diminution in its 
concentration. This is illustrated in Fig. 123 in which the upper curve shows the sulphide content 
of the suspended solids in part of the estuary on 25th September 1952; a strong gale developed 
shortly after these samples had been taken and the survey was repeated at the same phase of the 
tidal cycle on the following day, by which time the suspended matter contained considerably less 
sulphide. The changes in dissolved oxygen brought about by this gale are shown in Fig. 195(c) 
(p. 362). 
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Fic. 123. Effect of gale on sulphide content of suspended solids in estuary, 
25th—26th September 1952 


Suspended solids 


The concentration of sulphide in solution is usually highest when the solids in suspension 
contain the highest concentration of sulphide (Fig. 124). Although this relation holds generally, 
it is clear that it is by no means precise—nor would this be expected. ‘The concentration of suspended 
solids in any given body of water is constantly changing during the run of a tide, and the con- 
centration of sulphide in solution must be influenced by changes in the rate at which hydrogen 
sulphide is liberated as a constituent of fermentation gases from bottom deposits and by changes 
in the rate at which it is lost to the atmosphere under varying weather conditions. | 


Nitrate 


The Laboratory’s surveys have shown that sulphide is usually absent from estuary water not 
only when the water contains dissolved oxygen but also when nitrate is present (although the 
L.C.C. reports co-existence of sulphide and nitrate). Fig. 125 shows the limits of water containing 
nitrate, and water containing sulphide in solution or suspension, during the period from October 
1953 to September 1954. Only occasionally was sulphide detected in water containing nitrate, and 
then both were present in small amounts. Dissolved sulphide and nitrate were never found to occur 
simultaneously: when sulphide and nitrate were present together the sulphide was in suspension 
and probably resulted from erosion of mud deposits. It may be noted that the length of the reach 
containing neither nitrate nor sulphide was, on average, greater to seaward than to landward of 
the reaches where sulphide occurred. 
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Fic. 124. Average monthly distributions of dissolved sulphide and of sulphide content of 
suspended solids, August 1953 to January 1954 





Lt) 

oO 

2 . 

Pa ttj5~ 

O i 

2 : 

Pies N 

O 

al 

= 

O 

=) 

uj 

ra] 

Ww) RSS SS 

ul DSO SR SR SS 

- 14 21 28 4 

= Oct. Nov. Dec. Jan. May June July Aug. Sept. 
1953 [954 


Fic. 125. Half-tide positions of sampling points where last traces of nitrate and sulphide were found 
from October 1953 to September 1954 


HYDROGEN SULPHIDE IN-AIR 


No very serious attempt was made during the survey to determine quantitatively the proportion 
of hydrogen sulphide in the air over the estuary water. Obviously the concentration found will 
depend largely on the direction and speed of the wind. However, on each occasion from June to 
November 1951 when samples of the water were examined for their sulphide content (see Table 
66, p. 189), measurements were also made of the concentration of hydrogen sulphide in the air 
some 10 ft above the water. Using the method of analysis described on p. 575, concentrations down 
to 0-1 p.p.m. H,S by volume could be measured, and the presence of smaller concentrations 
detected. Some 160 samples of the water were found to contain sulphide; observations made at the 
same times showed that hydrogen sulphide was detectable in the atmosphere on 57 occasions. The 
concentration was at least 0-1 p.p.m. on 21 occasions (with an average value of 0-15 p.p.m.), and 
the maximum concentration found (on 9th October) was 0-4 p.p.m. 


SUSPENDED SOLIDS 


Part of the oxidizable material carried to and fro under tidal action in the estuary is in solution 
and part in suspension. A large proportion of the suspended oxidizable material will, of course, be 
associated with particles of mud which, depending on tidal velocity, will at times be deposited on 
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the bed of the estuary and at other times be in suspension in the water. Thus the oxidation of 
material in suspension must be responsible for a considerable part of the total de-oxygenation which 
occurs in the estuary. At the beginning of the investigation the possibility was therefore considered 
of trying to calculate the movement of suspended solids under different conditions of tide, fresh- 
water flow, and weather. After some preliminary observations it was concluded that the factors 
involved were so complex, and the changes in concentration of suspended matter in a given body 
of estuary water so large and so frequent, that to follow them in detail would be quite impossible 
with the resources available. Consequently, the general relations between the state of oxygenation 
of the estuary at any time, and the factors affecting it, had to be deduced without detailed knowledge 
of the movements of suspended oxidizable matter. No detailed description of the distribution of 
suspended solids is attempted in the present account, but a few examples are given—mainly to 
indicate the magnitude of the changes which can occur. 

The concentration of suspended solids depends not only on the depth of sampling but also on 
the state and range of the tide; this is illustrated by Fig. 126 which relates to conditions at the 
southern edge of the navigable channel 11-2 miles seaward of London Bridge. As is usual in 
estuaries, the maximum concentration of suspended matter was much higher during springs than 
neaps. The minimum concentrations occurred at about the time of slack water and—particularly 
during the spring tide—the concentration near the bottom was much higher than near the surface. 
It will be seen that, again particularly during the spring tide, there were very large and irregular 
fluctuations in the concentration of suspended matter, especially at the lowest depth. Some further 
data on concentration of solids at different depths are given in Table 68. 







High water 





Low water 






10am. Noon 
TIME (GMT) 





10am. Noon 2pm. 


TIME (G.M.T 


Fic. 126. Concentration of suspended solids at three depths at southern 
edge of navigable channel 11-2 miles below London Bridge in 1950 


(a) Spring tide, 10th November; (b) neap tide, 3rd November 


During the survey a photoelectric turbidimeter’ was built, and with this it was possible to 
- obtain a picture of the approximate distribution of suspended matter in a given cross-section of 
the estuary. Examples of these distributions are shown in Fig. 127 which illustrates the complex and 
asymmetric nature of the distributions and the large changes which can occur in a few hours; the 
highest concentrations of solids were found near the bed, but the gradation from top to bottom was 
irregular. 

The variations in concentration of suspended matter with tidal state (illustrated by Figs. 126 
and 127) are sufficient to account for the whole of the large differences between the quarterly 
average distributions based on the data of the Laboratory and of the L.C.C. (Fig. 128); the L.C.C.’s 
samples were, for the most part, taken nearer to slack-water conditions. . 
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Fic. 127. Distribution of suspended solids in a cross-section of Gravesend Reach at western end of 
Tilbury landing stage during flood of spring tide on 11th September 1953 


Maximum depth of sampling, 55 ft 
Tidal state, hours before high water, shown above each diagram 
Numbers against curves indicate suspended solids in p.p.m. 
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Fic. 128. Average distributions of suspended solids in (a) third and (6) fourth quarters of 1953 
Comparison between curves calculated from data of W.P.R.L. (continuous lines) and L.C.C. (broken lines) 


LOSS ON IGNITION 


It might be expected that the proportion of organic matter in the solids carried by the water— 
and hence the percentage loss on ignition at 800°C—would be significantly higher in the middle 
than in the lower reaches of the estuary. In Fig. 129 the full line and circles show the averaged 
results of the analyses of some 700 samples taken during the course of the Laboratory’s surveys 
throughout 1953. It is seen that in fact the proportion of solids lost on ignition was less in the 
middle reaches than at either end of the estuary. However, it is found that in this series of samples 
the concentration of solids was greatest in the middle reaches and that there was a marked negative 
correlation between the solids content and the loss on ignition; this is also shown in Fig. 129 where 
the broken line and crosses show the variation in suspended solids—the scale for suspended solids 
has been inverted so as to emphasize the negative association with loss on ignition. 

In Fig. 130 the loss on ignition is plotted against the concentration of suspended solids (on a 
logarithmic scale) for samples taken from three parts of the estuary. The circles, representing 
samples whose half-tide positions were between 10 and 14 miles below London Bridge, are found 
to be distributed similarly to the crosses which represent samples taken between Teddington and 
8 miles above London Btidge; both these groups of points lie significantly above the triangles which 
refer to samples taken 40-46 miles below London Bridge. Also shown in Fig. 130 is the average 
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relation found between these two factors for samples taken from the Mersey Estuary® some twenty 
years earlier. 

It may be concluded from Figs. 128-130—which relate to the Laboratory’s samples taken at a 
depth of 6 ft in mid-stream at all states of the tide—that the highest concentrations of suspended 
solids are found about 10 miles below London Bridge at half-tide, that the proportion of solids 
volatile at 800°C decreases as the concentration of solids increases, and that at a given concentration 


the loss on ignition is less near the mouth of the estuary than in the middle and upper reaches, 
but still considerably greater than found in the Mersey. 
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Fic. 129. Variation, with position, of concen- Fic. 130. Relation between concentration of sus- 
tration of suspended solids and percentage loss pended solids and percentage loss on ignition at 800°C 
on ignition Samples taken at 6 ft depth in mid-stream at all states 
Average figures for samples taken in 1953 of tide in 1953 


SYNTHETIC DETERGENTS 


The concentration of surface-active agents was not regularly determined during the Laboratory’s 
survey. On nine occasions, however, during the summer of 1954, samples from about twenty 
positions in the estuary were examined by the relevant method on p. 574; the results are shown 
in Fig. 131 where a smooth curve has been drawn through the plotted points. The first samples 
were taken on 15th June when the flow at Teddington was nearly 4000 m.g.d.; from 27th June, until 
the last samples were taken on 28th September, the flow varied between 278 and 1041 m.g.d. 
with an average value of 509 m.g.d. 








e@ 15th June © 20th July Wi7th Aug A 24th Aug. 








ag X 3lst Aug. + 7th Sept. OF 4th Sept. © 2lst Sept. 
uJ 
ke 
aoe 
2 
w O 
Se 
ae 
ee 
SiG 
w= 
eth 
Lb ie) 
HE 
o. 
Oy) ee 
O Pie See oma PAY Le piooell, HOT 
Eee _— — 
Z [ate TT ET I PGs 


MILES FROM LONDON BRIDGE AT HALF -TIDE 


Fic. 131. Concentration of anionic surface-active matter in estuary, 15th June—28th September 1954 
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BACTERIA 


No extensive survey of the distribution of bacteria was made, but samples were examined on 
some 13 occasions between May and October 1951. The monthly average distributions of 
Escherichia coli 1, in samples taken during this period at a depth of 6 ft, are shown in Fig. 132; most 
of the figures used in deriving this diagram are colony counts, but on one occasion in October, 
Most Probable Numbers were determined. The highest monthly average count was 12 000 per ml. 
Usually the maximum numbers were found in the centre of the estuary in the neighbourhood of 
the main sewage outfalls and from the incomplete data available they appear to have been largest 
in the warmest months of the year. 
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Fic. 132. Monthly average distributions of 
Escherichia coli Type I, in 1951 


Similar counts were made for Streptococcus faecalis which generally numbered from 100 to 
500 per ml (Most Probable Numbers) between 10 and 20 miles below London Bridge at half-tide, 
and less than 50 per ml beyond 30 miles. There seemed to be some evidence that the numbers of 
Esch. coli fell off more rapidly seaward of the L.C.C. sewage outfalls than did those of Streptococcus 
faecalis. Laboratory experiments, in which mixed strains of the two organisms were incubated at 
20°C in water from various parts of the estuary, indicated that under these conditions Streptococcus 
faecalis persisted for a longer time than did Esch. coli; the subject was not, however, pursued in any 
detail. On the few occasions when samples from different depths in the estuary were examined, 
the numbers of the two organisms were usually higher at the greater depth than at the lesser, but the 
differences were not very large. In the same surveys, sulphate-reducing bacteria were detected. 
(The Department’s National Chemical Laboratory has recently started to examine sulphate-reducing 
bacteria in the estuary. In 1961-62, numbers often reached 100 000 per ml above the region of 
greatest pollution.) 

From the middle of July to the end of October 1951, the latter half of the period during which 
these surveys were carried out, the effluent from the primary sedimentation tanks at the Northern 
Outfall works was being chlorinated!°, Examination of samples of estuary water throughout the 


months when the plant was in operation suggested that chlorination had no marked effect on the 
numbers of bacteria in the estuary. 
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CHAPTER 8 
Oxidation Processes and the Ultimate 


Oxygen Demand 


In the presence of sufficient dissolved oxygen, the polluting matter entering the estuary from each 
of the various sources examined in Chapter 4 undergoes oxidation by chemical or bacterial action. 
When calculating the distribution of dissolved oxygen in the estuary (Chapters 17-19) the figures 
for B.O.D. loads (summarized in Table 49, p. 92) are inadequate since they refer only to the 
quantity of dissolved oxygen utilized in 5 days under standard laboratory conditions. Further 
information on the rate of oxidation—such as how it is affected by salinity, temperature, and 
dissolved-oxygen concentration, and whether it varies from one type of discharge to another—is 
required before the B.O.D. loads can be used in subsequent computations. In addition, oxidation 
of carbonaceous and nitrogenous constituents must be considered separately: conditions in the 
estuary may be such that nitrification is inhibited while the oxidation of carbon proceeds almost 
unrestricted, and even in the absence of any such inhibition there is no a priori reason for supposing 
the rates of reaction in these two processes to be identical; furthermore, it is believed that an 
effluent containing ammoniacal or organic nitrogen starts to nitrify more readily when it is discharged 
to the estuary than in laboratory tests. 

It is not possible to measure directly the rate of oxidation of polluting matter in the estuary, 
and recourse must be made to laboratory experiments, the results of which are not necessarily 
applicable to conditions in the estuary. Too little is known about the relative rates of oxidation 
in natural waters and in laboratory experiments, even when the oxidation is confined to dissolved 
substances; in practice, the polluting discharges contain varying quantities of suspended matter 
which represent an appreciable proportion of the total polluting load, and the different conditions 
of agitation in the estuary and in laboratory experiments will lead to different degrees of flocculation 
or dispersion of solid particles and to different degrees of sedimentation. 

The first section of the chapter is concerned with details of experimental work undertaken to 
determine the rate of oxidation of the carbonaceous part of the organic matter found in the estuary; 
examination of the effect of salinity on the B.O.D. test is followed by discussion of oxygen 
absorption by mud deposits and mud suspensions, and of the rate of oxidation in estuary water—in 
many cases it was necessary to allow for the nitrification which occurred during the experiments. 
Mathematical expressions, required for quantitative statement of the course of carbonaceous 
oxidation* in estuary water, and of the effect of temperature on the rate of oxidation, are then 
developed, and the concept of ultimate oxygen demand is introduced. After brief reference to 
further experimental work relating to nitrification, the rate at which this process is likely to occur 
in the estuary—and how it is affected by temperature, by the level of dissolved oxygen, and by 
pH value—is examined. Application of this work to the calculation of individual loads is considered 
in the next chapter, and the rate-constants of oxidation are used in calculating distributions of 
dissolved substances in Chapters 17-19. 


EXPERIMENTAL WORK RELATING TO RATES OF CARBONACEOUS 
OXIDATION 


Almost all the work described in this section was carried out in 1952-54. All samples of effluent 
from the Northern Outfall Sewage Works of the London County Council used in the experiments 
were taken before 1955—in which year the first stage of the extensions was made to the works. 


ERPECT: OF SALINITY .ONSE.O, Dei oe 


If the rate of oxidation of polluting matter in the estuary varied with salinity, allowance would 
have to be made for this when predicting the oxygen content of the water. Gotaas! found that at 
20°C the rate of oxidation was usually greatest in water of salinity up to about 8-5 g/1000 g 


(25 per cent sea water), though in one experiment at 15° and one at 20°C the maximum rate 
occurred in water of salinity about 23 g/1000 g. 


* . : , . . . 5 . : . 
Carbonaceous oxidation’ and ‘nitrogenous oxidation’ are used in the remainder of the Report to denote the oxidation 
of organic carbon and oxidizable nitrogen respectively. 
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In a series of experiments? at the Laboratory, the effect of salinity on the B.O.D. of samples 
of estuary water (with or without addition of sewage effluent) was studied, the samples being 
diluted with stored sea water and standard dilution water? mixed in various proportions. The 
results obtained were found to depend markedly on the salinity of the diluting water—a finding 
supported by work on growth of bacteria in saline nutrient solutions’. Further experiments 
indicated that the most important factor was the amount of nitrification which occurred during 
the incubation period of the B.O.D. test. 

The course of absorption of oxygen by effluent from Northern Outfall, diluted to 30 per cent 
by various mixtures of sea water and distilled water, and incubated in respirometers for 67 days 
at 20°C, is shown in Fig. 133. It is probable that the first step in each curve (after the initial 
carbonaceous oxidation) is largely due to oxidation of ammonia to nitrite, and the second step to 
oxidation of nitrite to nitrate. These curves are similar in form to those obtained by many workers. 
When such curves are derived from experiments with a series of incubated bottles, it is possible 
to follow the course of nitrification by determining the concentrations of ammoniacal, nitrous, 
and nitric nitrogen at intervals during the experiments; when using respirometers, the smallness 
of the samples generally precludes removal of liquid for nitrogen analyses before completion of the 
experiments. However, since it is found in bottle experiments that the occurrence of steps in the 
curve, similar to those shown in Fig. 133, are undoubtedly associated with the onset of rapid 
nitrification, it is reasonable to conclude that the same applies in respirometer experiments; this, 
in fact, is generally accepted, and it is on this assumption that many of the calculations and rates 
of oxidation in this chapter and the next are based. 
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Fic. 133. Effect of salinity on oxygen absorbed by mixtures of sewage effluent, sea water, and distilled 
water incubated at 20°C in respirometers 


Although, during the experiments to which Fig. 133 refers, there were at certain times large 

differences in the oxygen absorbed at different salinities, after 67 days (when nitrification was 
probably complete) the total oxygen absorption varied by less than 10 per cent (Fig. 134(a)); after 
5 days (before the onset of nitrification) the variation was about 20 per cent. The time elapsing before 
each stage of nitrification is assumed to have started was found to vary with salinity in a regular 
manner (Fig. 134(b))—presumably because the nitrifying bacteria initially present were accustomed 
only to water of low salinity; Gotaas! observed a similar effect. 
It is concluded from these experiments that where the variations in B.O.D. with salinity are 
large they are due to the time taken by nitrifying bacteria to become acclimatized to changes in 
salinity. However, this effect is unlikely to be of importance in the estuary where nitrification is 
believed to occur in water of any salinity provided that the concentration of dissolved oxygen is 
not too low. As little use has been made of the observed B.O.D. figures for the estuary water, 
the effect of salinity on the B.O.D. has little bearing on the present investigation. 
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Fro. 134. Effect of salinity on (a) oxygen absorbed after 5, 20, and 67 days and (b) period before onset of 
first and second stages of nitrification 


Data from Fig. 133 


ABSORPTION OF OXYGEN BY MUD DEPOSITS 


In parts of the Thames Estuary there are deposits of mud which contain a comparatively high 
proportion of organic matter (see, for example, Fig. 178, p. 293). When oxygen is present in the 
supernatant water, it will be utilized in the aerobic decomposition of organic matter in the surface 
layer of the mud, and possibly also in reaction with the soluble products of anaerobic processes 
occurring at greater depths. This absorption will be responsible for part of the oxygen deficiency 
of the estuary water and, if sufficiently important, must be taken into account. Experiments were 
therefore made, both in the laboratory and in the estuary, to measure the rate at which mud 
deposits absorbed dissolved oxygen. It should, perhaps, be emphasized that the techniques used 
in these early experiments left much to be desired and, consequently, that the results cannot be 
considered to be very accurate. Nevertheless, there is little doubt that they give the approximate 
rate of oxygen consumption. 


Laboratory experiments 


Samples of mud from 12-2 and 28-3 miles below London Bridge were placed in 16-0z bottles, 
so that the mud formed an even layer. The bottles were then filled with aerated tap water and 
stored overnight, at a low temperature, to allow most of the mud disturbed in filling them to settle. 
‘Three constant-temperature water baths (at 7°, 15°, and 25°C) each contained two of the units 
shown in Fig. 135, 
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Fic. 135. Apparatus used Fic. 136. Effect of temperature on oxygen absorbed through surface 
in laboratory for measuring of mud deposits from about (a) 12 and (6) 28 miles below London 
rate of uptake of dissolved Bridge using apparatus of Fig. 135 


oxygen by mud deposits Temperature (°C) shown above each curve 
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Tap water was delivered at a rate of 66 ml/h to each of a series of funnels F from which it 
passed through an aeration tube B where its dissolved-oxygen content was brought close to 
saturation, through a bubble trap C and over the surface of mud in the bottle A, through a 4-0z 
sample bottle D, and then to waste. Each day the concentration of dissolved oxygen in the water 
entering and leaving A was determined, and the rate of absorption of oxygen was calculated from 
the rate of flow, the surface area of mud, and the change in oxygen content of the water passing 
through the apparatus. 

The results of these experiments (Fig. 136) show that the rate of absorption of oxygen was 
approximately constant for the period of the experiment. The average rates calculated for the 
first day and the first 5 days are given in Table 69(a). 


Table 69. Approximate rate of oxygen absorption by Thames mud 
under different conditions 








Period for Equivalent 
which Source of mud ; average 
absorption (miles below aha doh ie absorption of 
of oxygen London Bridge) ; oxygen by mud 
was measured (lb/1000 ft? day) 
(a) Z 0-10 
Determination in laboratory 122 15 0-13 
25 0-25 
1 day 
if 0-08 
28-3 15 0-12 
25 0-25 
7 0-04 
1252 15 0-08 
25 0:21 
| 5 days 

7 0-03 
28 -3 15 0-07 
25 0-19 
(b) 16°5 0-18 
Determination in Tilbury 30 min 25°9 19 0-20 
Tidal Basin 20 0-18 











Experiments in estuary 


The apparatus used in measuring the quantity of oxygen absorbed by a deposit of estuary 
mud in situ (Fig. 137) consisted of a tube, 6 in. square, which could be pushed by means of a long 
handle into a deposit of mud, until a flange near the top of the tube rested on the surface of the mud. 
This positioned the tube so that a baffle, mounted in the tube a short distance above the level of 
the flange, formed two compartments which were connected only by a narrow passage between 
the baffle and the mud surface. Aerated water was passed into one compartment over the surface 
of the mud, and out through the other. 

The apparatus was set in position on a submerged mud bank, and fresh water from carboys 
was passed over the mud. When the salinity of the issuing water showed that all the estuary water 
had been displaced, the dissolved-oxygen content of the water entering and leaving the tube was 
determined at intervals. The oxygen absorbed by the mud was calculated—as before—from the 
water flow, the surface area of mud, and the change in oxygen content of the water. 

The results of three determinations on deposits of mud in Tilbury Tidal Basin are given in 
Table 69(b), from which it can be seen that values for the oxygen absorption by deposits of mud, 
determined by laboratory experiments and by experiments in the estuary, were in reasonable 
(if fortuitous) agreement; at 20°C, approximately 0-2 lb oxygen was absorbed per 1000 ft? of mud 
surface per day (0-04 g/m? h). 


Effect of tubificid worms 


It has been shown? that the presence of large populations of tubificid worms in mud deposits 
greatly increases the rate of consumption of oxygen from the supernatant water. ‘These worms are 
found in mud in the Thames Estuary, particularly on the foreshore in the upper reaches where, at 
times, they impart a red colour to the mud; this coloration has been more noticeable in the past 
few years, since the experiments reported above were made. 
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To estimate the possible magnitude of the effect of these worms, ten core samples of deposits 
were collected from the foreshore at Hammersmith (9} miles above London Bridge) on 13th and 
14th November 1961, and studied® in a polarographic respirometer at 20°C. The samples were 
found to contain about 40 worms per cm?; the average rate of oxygen consumption was about 
0-45 g/m? h, or over ten times that found in the earlier experiments. 
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ABSORPTION OF OXYGEN BY MUD SUSPENSIONS 


At some places in the estuary, and under favourable conditions of tidal and fresh-water flow, 
mud is eroded and carried in suspension in the water. To determine the probable rate at which 
such suspensions are oxidized, mud from a deposit about a mile seaward of Northern Outfall was 
suspended in standard dilution water and incubated in respirometers at 5° and 20°C. The apparatus 
was sealed immediately after the mud had been added, so that any absorption of oxygen by chemical 
reaction with sulphide or with ferrous iron was included in the results. At the beginning of the 
experiment all the mud was suspended in water, but much settled out during the course of several 
days. Although the resulting deposit was very thin, it is possible that it was less well supplied with 
oxygen and was therefore oxidized rather less rapidly than it would have been in suspension. 
Details of the composition of the mud are given in Table 70. 


Table 70. Oxygen absorption and composition of suspensions of mud, 
collected from Barking Reach in March 1953, and incubated 
in respirometers at 5° and 20°C 


Temperature (°C) 5 20 


Concentration of mud in respirometers 2180 1240 
(p.p.m. dry weight) 


Oxygen absorbed in 80 days (mg/g dry weight) 39 81 
Composition of mud sample 
Moisture (per cent of wet weight) 60-7 
Organic carbon (mg/g dry weight) 62 
Total oxidizable nitrogen (mg/g dry weight) 3°8 


B.O.D. (mg/g dry weight) 10-1 
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Oxygen was absorbed at a gradually decreasing rate (Fig. 138). It appears that after 80 days 
at 20°C about 45 per cent of the ultimate demand of the mud (calculated from Equation 34, p. 221) 
had been satisfied. At 5°C the uptake of oxygen was approximately half that at 20°C. 


EFFECT OF TEMPERATURE 
Dilution experiments 


In a preliminary experiment to examine the effect of temperature on the rate of carbonaceous 
oxidation in polluted estuary water, a sample of mixed effluent from Northern Outfall Sewage 
Works was diluted with clean saline water, and the rate of absorption of oxygen was measured 
at 5°, 10°, 15°, 20°, and 25°C over periods up to 50 days. The mixed effluent, consisting of one part 
of effluent from the activated-sludge plant and three parts of settled sewage, was stored for 36 h 
at 2°C before use; dilutions containing 1, 3, and 74 per cent of the mixed sewage effluent were 
prepared in 8-oz bottles, sufficient for 15 determinations at each temperature. Blanks containing 
dilution water alone were also prepared. The diluting water (salinity 10-9 g/1000 g) was a mixture 
of two parts of raw water from the Surbiton works of the Metropolitan Water Board and one 
part of sea water from Southend; after freeing from suspended solids by filtration through glass 
wool, and storing for 2 weeks at 25°C to reduce its oxygen demand, it was seeded with 1 per cent 
estuary water that had been taken near Northern Outfall, kept for 4 days at the temperature at 
which it was to be used, and then aerated for 36 h at this temperature. During incubation the 
bottles were completely submerged in water baths in which the maximum variation in temperature 
was +0-5 degC. After periods ranging from 1 to 60 days the concentration of dissolved oxygen 
in each bottle was determined by the Rideal-Stewart modification® of the Winkler method. 
The oxygen absorption by blanks was higher than expected, and there were differences in the uptake 
of oxygen by sewage as calculated from the different dilutions incubated at the same temperature. 
The course of the oxygen absorption, based on figures for dilutions containing 1 or 3 per cent 
mixed sewage effluent, is plotted in Fig. 139. Analysis of some of the duplicate samples showed 
that the steep rise after 5-10 days at 15—25°C was due to nitrification which was apparently delayed 
for at least 30 days at 10°C, while at 5°C little if any nitrification had occurred after 50 days. 
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Fic. 139. Effect of temperature on oxygen absorbed by 

effluent from Northern Outfall diluted to 3 per cent with a 

mixture of sea water and raw water seeded with 1 per cent 
estuary water 


Temperature (°C) shown against each curve 


Some points were calculated from figures obtained with dilutions 
containing 1 per cent sewage effluent 


The absorption of oxygen in these dilution tests, both in 5 days and after prolonged incubation, 
appeared to vary with the degree of nitrification, and the curves obtained were not sufficiently 
regular in shape to allow the effect of temperature to be expressed in any simple way; different 
values for the oxygen absorption were also obtained with different dilutions of sewage. ‘To avoid the 
use of several different dilutions in one experiment, respirometers were employed in subsequent 
work, 
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Respirometer experiments 

Two types of respirometer were used. In the first (Fig. 140(a)) air enclosed above the liquid 
in a quart bottle was circulated through it as fine bubbles from a sintered-glass diffuser D, under 
the pumping action of a column of mercury moved up and down in a wide glass tube T by an 
intermittent supply of compressed air controlled by a valve V (open at the ends) rotating 9 times 
per min. Carbon dioxide formed by the oxidation of organic matter was absorbed by a few 
ml of a 40 per cent solution of potasstum hydroxide in a small bulb B. To ensure that changes in 
pressure in the apparatus were measured at a constant volume, the manometer P was read after 
the screw-clip C had been opened to allow the mercury to fall to a position X in the capillary tube. 
When necessary, additional oxygen was introduced into the apparatus through the stopcock S. 
The apparatus was calibrated by adding known quantities of oxygen and measuring the resulting 
change in pressure; an average of several values was taken. 

The second type of respirometer’ (Fig. 140(b)) consisted of a 1-1. flask, containing the sample, 
connected to a manometer M and a bulb B. Instead of bubbling air through the sample, a sufficiently 
high rate of solution of oxygen was achieved by stirring the liquid with a magnet (covered with 
glass or polythene) rotated by an external rotating magnet. Carbon dioxide was absorbed by a 
solution of 20 per cent potassium hydroxide in a vessel hung in the neck of the flask. Oxygen 
could be added to the apparatus through a two-way stopcock S. The respirometer was calibrated 
experimentally and the calibration factor was also calculated, the two methods giving values in 
good agreement. 
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Fic. 140. Respirometers (a) pump-type with oxygen pipette and air-pressure control and (6) stirrer-type 


Samples of mixed effluent from Northern Outfall, diluted with an equal volume of stored sea 
water (which had a salinity of 25-1 g/1000 g and had been inoculated with 2 per cent estuary water) 
to give a mixture with a salinity similar to that of the estuary near Northern Outfall, were incubated 
in respirometers at 5°, 10°, 15°, 20°, and 25°C for 60 days or more. The amount of oxygen absorbed 
was measured at intervals (Fig. 141(a)), and at the end of the tests the concentrations of organic 
carbon, and of ammonia, nitrite, and nitrate were redetermined (Table 71). After 60 days the 
measured oxygen absorption at 25°C was 360 p.p.m.; oxidation of ammonia was complete and 
oxidation of the remaining organic carbon was proceeding slowly. 

In a second series’ of tests, duplicate samples of a mixture consisting of 50 per cent stored 
sea water, 1 per cent estuary water as ‘seed’, and 49 per cent mixed efHuent from Northern Outfall 
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Frc. 141. Effect of temperature on oxygen absorbed by samples incubated in respirometers 


Percentages of mixed effluent from Northern Outfall, estuary water, 
and stored sea water: (a) 50:1:49, (b) 49:1:50, (c) 30:10:60 


(b) Incubated in dark 
Temperature (°C) shown above each curve 


were incubated for 27 days in the dark (to avoid possible complication due to photosynthesis). 
The effluent was prepared by mixing 774 per cent settled sewage with 22} per cent effuent from 
the activated-sludge plant—the proportions in which they were normally discharged. Agreement 
between duplicates at 10°C (Fig. 141(b)) was reasonably good, though at 20° and 25°C nitrification 
in duplicates began at different times. At temperatures of 5° and 15°C duplicates did not agree 
and the curves have not been plotted. The facts that, after incubation for 27 days at 20° or 25°C 
high concentrations of nitrite (Table 72, A) were found only in samples which had shown steps in 
their absorption curves, and that those samples at 20°C which did not produce stepped curves 
contained no nitrite at the end of the incubation period, suggest that the steps in the curves were 
due predominantly to oxidation of ammonia to nitrite. This is of interest since it shows an important 
difference between what happens in laboratory tests and in the estuary. It is known that different 
genera of bacteria bring about the oxidation of ammonia to nitrite (Nitrosomonas) and of nitrite 
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to nitrate (Nitrobacter)®; both oxidations must proceed simultaneously in the estuary since the 
concentration of nitrite is never very great (Table 65, p. 185). In the laboratory, however, the 
oxidation of nitrite may be delayed so that high concentrations of nitrite are found. 


Table 71. Analysis of mixture of sewage effluent and sea water before and after 
incubation in respirometers 


Salinity, 12-3 g/1000 g; initial B.O.D., 81 p.p.m. 











Tr D : Organic Ammoniacal Nitrous Nitric 
emperature oe carbon nitrogen nitrogen nitrogen 
of of 

incubation experiment 

Ee) (days) 

(p.p.m.) 
Before incubation 93 18 “17 8 
: 2 











Table 72. Analysis of duplicate mixtures of (A) sewage effluent 
and sea water, and (B) estuary water from near Northern Outfall, 
after incubation for 27 days 1n respirometers in dark 





















































Ammoniacal Nitrous Nitric 
nitrogen nitrogen nitrogen 
Temperature 
of 
incubation (p.p.m.) 
(°C) 
A B A B A 185 
Before 
incubation | 23-1 8-9 nil nil 0-1 nil 
5 27. 10 nil nil 1 nil 
26 10 nil nil nil 1 
10 27 7 hil | aa 2 
ws 5 nil il 1 4 
15 26 nil Mi nil oan 7 
Dip) nil 1 nil | -nil 8 
20 23 nil ] nil nil 8 
1 1 10 1 10 I 
25 nil 20 5 
nil 5 11 




















In a third experiment the mixture contained 30 per cent effluent from Northern Outfall, 
10 per cent estuary water, and 60 per cent stored sea water, giving a final salinity of 12-5 g/1000 g; 
otherwise conditions were similar to those in the first experiment. The oxygen absorption by samples 
at 9-6° and 20°C is shown in Fig. 141(c). After 67 days, nitrification was complete in the sample 
at 20°C but no appreciable amount of nitrification had occurred at about 10°C (Table 73). 

To investigate the effect of temperature on the rate of oxidation of polluting matter in estuary 
water, samples taken about a mile seaward of Northern Outfall were incubated for at least 69 days 
in respirometers at 5°, 10°, 20°, and 25°C—Fig. 142(a). Tests were also made, in duplicate, using 
estuary water from the neighbourhood of Northern Outfall. Agreement between duplicates at 
5°, 10°, 15°, and 20°C was reasonable; one curve for each temperature is shown in Fig. 142(b). 
At 25°C duplicates did not,agree and neither curve is shown. Nitrification occurred to some extent 
at 10°C (‘Table 72, B) and at higher temperatures was virtually complete after 27 days. 
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Table 73. Results of analysis of mixture of sewage effluent, estuary water, and sea water 
incubated at different temperatures for 67 days in stirrer-type respirometers 
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incubation 
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(p.p.m.) 
Before 
incubation 40 7°4 0-05 0-1 12-0 
9-6 8 10-4 0-6 1°73 -— 
20 3 nil 0-09 12°3 — 
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Fic. 142. Effect of temperature on oxygen absorbed in respirometers in dark, by estuary water from two 
points near Northern Outfall 
Temperature (°C) shown above each curve 


OXIDATION OF CARBON COMPOUNDS 


The effect of temperature on the rate of oxidation has been illustrated in the previous pages 
by graphical methods. To express this effect in a numerical form requires the fitting of curves to 
the experimental points. The simplest assumption to make is that the whole course of oxidation 
is the same as for a first-order (or unimolecular) reaction, so that at any instant the rate of removal 
of oxygen demand is proportional to the demand remaining to be satisfied before complete 
oxidation. In mathematical terms this may be written 


—dL|dt = kL, (14) 


where L is the remaining oxygen demand at time ¢, and & is the constant of proportionality and thus 
the rate-constant of oxidation. The integrated form of this equation is 


L = Le-*, (15) 
where L, is the initial value of the oxygen demand. 
The uptake of oxygen, y, in time ¢ is numerically equal to the removal of oxygen demand, 
so that y = L, — L, and hence 
y =L(l-e™). | (16) 


It is clear from such curves as those shown in Figs. 141 and 142 that the uptake of oxygen 
cannot be represented by this simple form which gives a smooth curve with a slope decreasing 
gradually as ¢ increases. The main causes of the irregular form of the observed curves are likely 
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to be the slowness of the initial oxidation of ammonia, and the delay before oxidation of nitrite to 
nitrate. This is believed to be because the concentration of nitrifying bacteria initially present is 
usually small and because the rate of growth of these organisms is slow, especially when compared 
with that of the heterotrophic bacteria which oxidize carbon; the rate of oxidation of nitrite to 
nitrate is particularly slow in the initial stages since it tends to be limited by the rate of formation 
of nitrite from ammonia. There are thus three distinct (but not always readily distinguishable) 
stages representing the oxidation of carbon, ammonia, and nitrite; consequently Equation 16 is 
inadequate and must be extended at least to some such form as 


y = L(1—e-*) + L,{1—en av} + Lf — e-ka-aa) (17) 


where L,, L,, L, are the ultimate uptakes associated with each stage of oxidation, k, k,, k, the 
respective rate-constants, and a,, a, the delays before the rates of oxidation of ammonia and of 
nitrite become appreciable, and where the terms in L, and L, do not apply when ¢ is less than 
a, OF a, respectively. 

Equation 17 contains no fewer than eight unknown parameters: three ultimate uptakes, three 
rate-constants, and two time-lags. Rather than try to study all stages simultaneously, the oxidation 
of carbonaceous and nitrogenous constituents will be considered separately. In the succeeding 
paragraphs the oxidation of carbon compounds is examined. Initially the assumption is made that 
Equation 17 holds, and the effect of temperature on the rate of oxidation (discussed earlier in 
the chapter) is expressed in quantitative terms, the experimental data used being restricted to 
periods before the start of nitrification (that is t<a,<a,). Such information as is available on the 
effect of concentration of dissolved oxygen is also discussed. ‘Theoretical values to be assigned 
to L, (the ultimate first-stage, or carbonaceous, oxygen demand) are then derived and, finally, 
it is shown that more complex expressions are needed before it is possible to represent the full 
course of oxidation. 


EFFECT OF TEMPERATURE 


The most satisfactory way of expressing the effect of temperature on simple chemical reactions 
is by a form of the Arrhenius equation’ relating values of k to temperature. On integration the 
equation becomes 


E 
Ink = — RT. + constant, (18) 
where R is the gas constant (1-987 cal/degC mole), £ the energy of activation (cal/mole), and 
Ty, the absolute temperature. This form of equation was used by Gotaas! when studying the 
oxidation of sewage. 
Streeter and Phelps! used an equation of the form 


k = Ry b?-™, (19) 


where 7 is the temperature in °C, 9 the temperature coefficient, and ky, the value of k at 20°C. 
In this equation Ink varies linearly with T, whereas in the Arrhenius equation this is not so. 
However, as is shown later (p. 214), in the limited temperature range 0-30°C, the two equations 
give very similar results. Streeter and Phelps reported that @ was 1-047 and ky) was 0-23 day. 
Similar values were later obtained by Theriault. 

Gotaas! showed that the variation of k with temperature could be expressed equally well by 
the Arrhenius equation and that used by Streeter and Phelps, but he found that the temperature 
coefficient was different for different ranges of temperature and he obtained values of k higher 
than those reported by Streeter and Phelps. His data also satisfied the type of equation proposed 
by Belehradek!8, 


k = AT*, (20) 


where A and » are constants. In this Ink varies linearly with In 7. Equations derived from 
averaged figures given by Gotaas for different ranges of temperature are set out in Table 74. 

Such methods may express satisfactorily the rate of oxidation of sewage in a stream where the 
period of retention of polluting matter is short, but are not necessarily satisfactory when an estuary 
is being considered. Sewage effluents entering the Thames 12 miles below London Bridge are 
probably retained in the estuary for average periods of 2 weeks to 2 months depending on the 
fresh-water flow (Fig. 14, p. 16), and a large proportion of both the carbonaceous matter and 
ammonia is oxidized. The absorption of oxygen by estuary water, in the experiment to which 
Fig. 142 (p. 211) refers, did not follow a simple exponential curve even for relatively short periods 
and was different from that for absorption by diluted sewage effluent (Fig. 141, p. 209). This is 
thought to be because the estuary water always contains an active population of bacteria and because 
much of the polluting matter present has been in the water for a considerable time. 
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Table 74. Effect of temperature on carbonaceous oxidation 
rate-constant, k, derived from experiments 
reported by Gotaas’® 





Temperature k Energy of 
range (day~?) activation, E 
(GC) (cal/mole) 
5-15 0-354(1-109)7—45 16 950 

15-30 0-420(1 -042)7—20 6 990 
5-30 Os 0253 57a 











When Equation 16 is fitted to experimental curves which are not truly exponential, the values 
of L, and k for the curves of best fit vary with the period of absorption considered. It is not 
generally possible to fit an equation at all accurately for a period of more than 10—20 days. This is 
shorter than the period during which polluting matter is retained in the estuary except when the 
flow of fresh water is very high, but it is thought to be sufficiently long to justify the use of the 
simple exponential equation in determining the effect of temperature on the rate of oxidation of 
carbonaceous matter. Equations of this form were fitted to the curves shown in Fig. 141(a) to (c) 
for the first 20, 12, and 10 days respectively, using the slope method of Thomas‘, Values of the 
constants k and Ly are given in Table 75. 


Table 75. Constants of the equation y = L,(1—e-™), representing the oxygen 
absorption of mixtures of sea water and sewage effluent at 
various temperatures 


Experiment number 

















Temperature tT 2 5) 
(°C) 
Fig. 141(a) Fig. 141(b) Fig. 141(c) 
Period 0-20 days Period 0-12 days Period 0-10 days 
k(day*) | Ly(p.p.m.) | k(day™) | Lo(p.p.m.) | k(day™) | Lo(p.p.m.) 

5 0:147 128 0:06 108 
0-104 119 

10 0-173 35 0-147 102 0-152 66°2 
0-124 106 
15 0-173 171 0-243 116 

20 0-212 209 0-21 114 0-331 63-2 
0-43 100 
25 0-217 184 0-246 152 
0-373 134 




















In Fig. 143(a) these values of k are plotted against temperature and two lines have been 
fitted. The broken line was obtained by a linear regression of Ink on 1/T, to give the equation 
Ink = 16:6—4290/T7,,; it follows from Equation 18 that the energy of activation is about 
8500 cal/mole. The continuous line gives values of k from the equation k = 0-082 (1-056)?. 
This equation (similar to that used by Streeter and Phelps'') was obtained by regression analysis 
of values of Ink on 7—for the temperature range considered, the two methods give almost 
identical values. 

The average value found for the temperature coefhicient over the range 5—25°C was 5:6 + 1:0 
per cent per degC; this is barely half the value of 10-9 found from work by Gotaas for the range 
5—15°C, but is in reasonable agreement with the value of 4-2 for the range 15-30°C (Table 74) 
and also with the value of 4-7 determined by Streeter and Phelps" and by Theriault!*. The standard 
deviation of the.temperature coefficient is large because the points in Fig. 143(a) are widely 
scattered, and this leads to a large standard error of estimate of the regression coefficient. 


k=0-062 (1-056) ' 
—— = Ink = 4290 OR +16-6 
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TEMPERATURE (°C) 
Fic. 143. Effect of temperature on carbonaceous oxidation rate-constant, k, of mixtures of sea water 
and sewage effluent from Northern Outfall 
(a) Regression lines fitted to experimental data; (b) comparison of experimental data with Equations 21-23 
(The lowest of each set of three points plotted at 20°C should be superimposed cross and circle) 


It was thought best to take into account all the available concordant data on the variation of k 
with temperature, rather than to rely solely on the comparatively small amount of work done 
during the investigation. The experimental results in Table 75 and Fig. 143(a) may be expressed 
in the form 


k.=.02082(1-056)4, (21) 
and Equation 19 (p. 212), using the results of Streeter and Phelps, becomes 
k = 0-092(1-047)7. (22) 


Considering the closeness of these two equations, and the variability of results of this type of 
experiment, it seems reasonable to adopt a form intermediate between them, namely 


k = 0-088(1-05)". (23) 


The temperature coefficient of 5 per cent per degC implies a doubling of & for a rise of 14-2 degC. — 


Curves representing Equations 21-23 are compared with the experimental data in Fig. 143(b). 
At 20°C the value of k given by Equation 23 is 0-234 day-1—virtually the same as the figure of 
0-23 reported by Theriault’? but far lower than that of 0-42 derived from experiments reported 
by Gotaas (Table 74). 

All who have reported work on the absorption of oxygen by polluted water have found 
considerable scatter in the results of replicate determinations, particularly when the tests have been 
continued for a long period. In the present work this may be seen from the values of Ly in Table 75; 
a linear regression of Ly on T indicated a temperature coefficient of 1-27+0-56 per cent per degC 
at 20°C. Streeter and Phelps! reported a value of 2 per cent per degC while Gotaas considered it 
unlikely that the first-stage oxygen demand varied with temperature. The constant Ly) was 
derived in the process of fitting the exponential equation to experimental curves and although 
it is considered to represent the oxygen demand of easily oxidizable carbonaceous matter it has no 


precise meaning. For computations in subsequent chapters it is assumed that the amount of oxygen ~ 


that would be absorbed in infinite time does not vary with temperature—the ultimate demand is 
determined by the chemical nature of the polluting matter rather than by the rate at which it is 
oxidized. 

The effect of temperature on the rate of absorption of oxygen by mud deposits or mud 
suspensions is not necessarily the same as for samples of sewage effluent or river water. Rough 
figures based on Tables 69 and 70 (pp. 205 and 206) are 13 and 5 per cent per degC for mud 


deposits and mud suspensions respectively. 


EFFECT OF DISSOLVED-OXYGEN CONCENTRATION 


It is generally accepted that the rate of carbonaceous oxidation is virtually unaffected by the 
level of dissolved oxygen if this is greater than about 10 per cent saturation, the precise value 


probably depending on’the state of aggregation and the type of organisms present, on the amount 


and nature of the carbonaceous matter which is being oxidized, and on the temperature, 
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The effect of oxygen concentration was not studied experimentally during the present work. 
However, many investigations have been made into the effect of this factor on the rate of respiration 
of pure cultures of various organisms, both in the endogenous phase and when supplied, in the 
presence of trace elements, with carbonaceous substrates (generally nutrient broths containing a 
single primary source of carbon). Some representative published data (reduced to a common form) 
are given in ‘Table 76. On the whole these data are roughly consistent with the above generalization, 
although in two cases the critical levels of dissolved oxygen are higher than the value of 10 per cent 
quoted above. 


Table 76. Reported levels of dissolved-oxygen concentration below which 
rate of respiration of pure cultures decreases 

















Critical oxygen level 
Danaaion Temperature 
CC) (approximate 
(p.p.m.) percentage 
saturation) 
east. | 5 0:02 0-3 
20 0-14 2 
34 0-28 4 
Yeast!6 | 30 0:5 6 
Luminous bacteria” 18-21 0-4 5 
Penicillium chrysogenum'® —_ — 10 
Escherichia coli*® 6 0:5 4 
16 0-9 9 
23 1-9 22 
38 2:4 36 
Various (including Esch, coli)° ca. 20 0:002-0-:2* | 0-02-2 


* Estimated from reported values of concentration at which respiration 
rate was half maximum. 


The earliest work with mixed cultures seems to have been that done in 1911 by Girvan, Carter, 
and Richards for the Royal Commission on Sewage Disposal?!. From eleven experiments with 
effluents from percolating filters, incubated at 18°C, it was concluded that the results ‘taken as a 
whole indicate that, though there is no very material difference, the rate of absorption tends to 
slacken after the oxygen in solution becomes reduced to about 0-2 part per 100 000 [21 per cent 
saturation], or less.’ In 1927, Theriault!*, in a large number of experiments with tannery and 
straw-board wastes concluded that ‘within the range of the analytical procedure, the rate of oxygen 
absorption is quite independent of the amount of dissolved oxygen present.’ 

Several workers have examined the effect of oxygen concentration on the rate of uptake of 
oxygen by activated sludge. Hicks and Box”? found the critical level, below which the rate decreased, 
to be from 0-5 to 1-0 p.p.m. in different experiments. Wuhrmann??, using manometric methods 
and a sludge concentration around 1000 p.p.m., concluded that the critical level was somewhere 
below 0-8 p.p.m. Experiments, conducted by the Laboratory*4, on the aeration of mixed liquor 
at a number of sewage works, showed that rates of consumption of dissolved oxygen in the mixed 
liquor appeared to be substantially independent of the concentration of dissolved oxygen down to 
about 0:5 p.p.m. More recent work at the Laboratory?®, using a dropping-mercury electrode 
system, coupled to a rapidly responding potentiometric recorder, to measure rates of uptake of 
oxygen, showed that the rate began to decrease as the concentration fell below 0-1-0-2 p.p.m. 
when using activated sludge with sewage, or with glucose, in the presence of allylthiourea which 
had been found to suppress nitrification completely in the concentrations used. 

On the other hand, Pomeroy?®, using sewage and sewage effluents in incubation tests, found 
‘conclusive evidence of a decrease of the rate of oxygen consumption with increasing oxygen 
concentration.’ At 8 per cent saturation the rates of oxidation determined were some 7 per cent 
higher than in air-saturated water; at an oxygen concentration of 40 p.p.m. (450 per cent) there 
Was a significant reduction. 

With the exception of Pomeroy’s results, the general consensus of opinion appears to be that 
the rate of carbonaceous oxidation is not greatly affected by the level of dissolved oxygen down 
to about 5 per cent of the air-saturation value. 
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THEORETICAL OXYGEN DEMAND 
The complete oxidation of elementary carbon, according to the reaction 
CHO "Coy (24) 


has a respiratory quotient of unity, that is, one volume of carbon dioxide is given off for each 
volume of oxygen taken up. The respiratory quotient varies, however, from one organic substance 
to another; thus the oxidation of oxalic acid, 2HOOC.COOH + O, > 4CO, + 2H,O, yields 
4 volumes of carbon dioxide for each volume of oxygen absorbed, while for the oxidation of 
methane, CH, + 20, > CO, + 2H,O, the respiratory quotient is only 0-5. Nevertheless, for a 
large group of organic substances the respiratory quotient is around unity and it was assumed 
that each gram of organic carbon present in a sample of effluent would require 2 x 16/12, or 
2:67, g of oxygen to oxidize it completely.* 
The first-stage ultimate oxygen demand is thus defined by 


Ua 2-670 a (25) 


where C is the content of organic carbon. 

Most of the polluting matter entering the Thames Estuary is in the form of settled sewage or 
of effluent from activated-sludge plants. Helmers and others?’ are quoted by Sawyer”® as giving 
the empirical formula of activated sludge as C,,3H,790;,N,,P which may also be written as 
C118H,190;;P.17NH;; complete oxidation (to carbon dioxide, water, and phosphate) of the part 
which excludes the ammonia which will be formed from the organic nitrogen by hydrolysis, 
gives an ultimate oxygen demand of 2-79C which is in reasonable agreement with Equation 25. 
From recent work”® at the Laboratory, however, it is found that the empirical formula of the 
identified organic constituents (about 79 per cent of the total) in a settled domestic sewage 
was approximately C,,H,;0.,N, for which the corresponding value of U, is 3-:00C. Although the 
value adopted for the ratio of Ug, to C materially affects some of the calculations made later in the 
Report, the average effect of errors even as great as 10 per cent in U,,/C will have a comparatively 
small effect on the final calculations. 

By putting & in Equation 17 (p. 212) equal to 0-234 day! (the value adopted for 20°C on p. 214) 
it is found that, in the absence of nitrification, the uptake in 5 days is 0-69 times the first-stage 
ultimate oxygen demand. If L, = U,, the B.O.D. (B) will be 1-84 times the organic carbon provided 
no nitrification occurs during the 5-day incubation period. For a strong sewage effluent the ratio 
B/C is found to be reasonably close to this value, as may be seen by referring to Fig. 145(a) (p. 229). 
However, as treatment proceeds so the ratio B/C falls; for instance, in samples from Luton Sewage 
Works, examined in 1956, for the effluents from the primary sedimentation plant, activated-sludge 
plant, humus tanks, and sand filters, the ratios were respectively 1-44, 0:94, 0-50, and 0-40. 
This suggests that either the ‘rate-constant’ of oxidation is not constant, or else that there is some 
unoxidizable carbon residue. On the basis of Equation 16 (p. 211), with k equal to 0-234 day, 
it is found that after 20 days only 1 per cent of the oxygen demand should remain unsatisfied, 
and after a further 10 days only 0-1 per cent. Long-term experiments®® have shown, however, 
that oxidation is still continuing at a measurable rate after several months. 


COURSE OF OXIDATION 


It is not really to be expected that all the carbon in such a complex mixture of substances as 
sewage efHuent will be oxidized at the same rate. The rate of assimilation of carbon by bacteria 
is likely to depend both on the type of compound in which the carbon is present and on whether it 
is in solution or is incorporated in solid particles. Also, the partial oxidation of organic matter 
takes place more rapidly during the growth and synthesis of bacterial cells than during their 
endogenous respiration. 

The greater the degree of purification the smaller is the value found for the rate-constant of 
carbonaceous oxidation, and for river water—such as that of the Thames at Teddington—where a 
large part of the organic polluting matter may have been in the river for many weeks, Equation 17 
with L, equal to 2-67C and k approximately equal to 0-2 day— is entirely inadequate for 
representing the course of oxidation (see Table 79, p. 223, and Fig. 150, p. 240). 

Good agreement has, however, been obtained®® between observed and calculated uptakes of — 
oxygen, assuming that the ultimate first-stage demand is equal to 2-67C and that either & itself 
decreases with time according to the relation k = k,/(1+.t), where a is constant, or else that the 
uptake is given by 


y = Uf — (pie! + poe *2! + page *a!)} (26) 


* More exactly, for a respiratory quotient of unity, this factor is 2x 16-000/12-010, or 2-664, 
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which assumes that the sample may be considered as consisting initially of proportions ~,, Ps, Ps, 
of three groups of substances with widely differing rate-constants k,, ky, kz. The application of 
these different forms of equation is discussed in the next chapter. 


OXIDATION OF NITROGEN COMPOUNDS 


The rate at which nitrification occurs in polluted waters has not received sufficient attention. 
This is probably due, at any rate in part, to the difficulty of measuring it in rivers and of interpreting 
laboratory studies. It is apparent, from the distribution of nitrogen compounds, that nitrification 
occurs in the Thames Estuary. Nevertheless, when samples of Thames water taken from a point 
where there is reason to suppose that nitrification is occurring (or of effluent taken from a sewage 
works producing partially nitrified effluent) are incubated in the laboratory, no appreciable degree 
of nitrification is generally found for several days. 

Some experiments were carried out with the intention of determining the rate of nitrification 
in Thames water under conditions as near to those in the estuary as could readily be obtained 
in the laboratory. However, the differences between conditions in water incubated in batch-type 
laboratory experiments and in the environment of the estuary raise grave doubts as to the 
applicability of the results obtained to the calculations of distributions of dissolved oxygen, and of 
ammoniacal and oxidized nitrogen, in the estuary. The results of these experiments are discussed 
more fully elsewhere*! **, but owing to their apparent irrelevance to conditions in the estuary they 
are not considered in detail in this Report. The most direct method of obtaining an estimate 
of the rate of utilization of ammonia in the estuary was to examine all the ways 1 in which oxidizable 
nitrogen is made available to the system and how it is used. 


NITROGEN BALANCE 


The sources of ammoniacal nitrogen include many sewage works, discharges of storm sewage, 
industrial wastes, and the fresh water entering from the upper river and from the tributaries which 
discharge to the estuary. Ammonia will be formed in the estuary as a product of the decomposition 
of organic nitrogen compounds, and the balance of organic nitrogen in the estuary must also be 
considered. Not all the oxidizable nitrogen discharged to the estuary—which for the purpose of 
this study has been considered to extend from the tidal limit at Teddington to a position 40 miles 
seaward of London Bridge—is utilized within the estuary; an appreciable proportion is swept 
out of it by the influence of tidal mixing and by the displacement due to land-water discharges. 
Part of the organic nitrogen is associated with suspended organic solids, and account must be taken 
of the loss caused by deposition of this material and its subsequent removal by dredging operations. 
Ammonia is oxidized through nitrite to nitrate in the aerobic reaches of the estuary, and also 
utilized during the growth of phytoplankton and other micro-organisms. 

The methods of assessing the various terms in this calculation of the balance of oxidizable 
nitrogen will not be described in detail since they are essentially the same as described on pp. 327-332 
where the balance of the total oxidizable matter is discussed. Many of the smaller quantities involved 
are known with little certainty, but this is unlikely to affect materially the magnitude of the overall 
balance. 

The results are summarized in Table 77 where it is seen that the average net rate of entry of 
organic nitrogen is estimated to have been about 25 tons/day in 1950-59. When considering so 
long a period, the difference between the total weight of organic nitrogen present in the estuary 
at the beginning and end of the period may be neglected, so that the average net rate of entry is also 
the estimated average rate of hydrolysis to ammonia—this term then being included as a source 
of ammonia. The net rate of utilization of ammoniacal nitrogen (which thus includes the organic 
nitrogen) is estimated to have been about 70 tons/day. : 

No satisfactory way has been found for estimating the rate of utilization of ammonia during 
growth of bacteria and phytoplankton. Neglect of these processes is, however, unlikely to 
introduce serious error: Table 77 indicates that the average rate of entry of organic nitrogen was 
about 35 tons/day and the net loss to the bed and the sea about 10 tons/day. Part of the organic 
matter in the latter term may have been synthesized from ammonia within the confines of the 
estuary, in which case a small part of the 70 tons/day of ammoniacal nitrogen utilized would 
have been converted to organic nitrogen which did not subsequently return to ammoniacal nitrogen 
within the estuary. ~ 


COURSE OF OXIDATION 
At the time of calculating the distributions of dissolved oxygen and of ammoniacal and oxidized 


nitrogen in the Thames Estuary which are discussed in Chapters 17-19, it was assumed that 
nitrification could be considered as though it were a first-order reaction. It was realized that this 
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Table 77. Estimated average net rates of entry (tons/day) of organic and 
ammoniacal nitrogen to estuary between Teddington and 


40 miles below London Bridge during 1950-59 


Organic Ammoniacal 
nitrogen nitrogen 
Northern Outfall Sewage Works WARS 28-1 
Southern Outfall Sewage Works 5-9 104 
Mogden Sewage Works (but see p. 75) parte 10-8 
Other sewage works 5-0 8-0 
Storm sewage 0-5 0:9 
— 26:4 — 62-9 
Direct industrial discharges 1-3 2°6 
Upper Thames ot 4°2 
Tributaries Za 6:9 
— 755 — 11-1 
Hydrolysis of organic nitrogen — 24:0 
Total known gains 35-2 101-5 
Less 
To the sea 
by displacement O77, 522 
by tidal mixing URES) 2573 
— 3:3 — 30:55 
By deposition and dredging 7:0 — 
By escape to atmosphere — 0-5 
Total known losses 10-3 31-0 
Average net rate of utilization (by difference) 24-9 70:5 


assumption could not be fully justified, but the same assumption had been usefully applied by 
other workers and has also been used earlier in this chapter when considering oxidation of organic 
carbon. 


The rate of oxidation of ammonia, dN,,,,,/dt, for a first-order reaction may be written in 
the form 


@Nomm =a via KIN oe ae > (27) 


dt 
where «x is the rate-constant of the reaction. 

Nevertheless, oxygen-absorption curves such as those shown in Figs. 133, 139, 141, and 142 
indicate that the course of nitrification in laboratory experiments cannot be represented adequately 
by a simple exponential curve. If the time origin of such a curve is adjusted so that the main 
course of oxidation can be fitted, then earlier stages of nitrification have to be ignored. 

It is generally recognized that bacteria introduced to a nutrient medium in which the 
concentration of nutrients is greatly in excess of requirements enter a logarithmic-growth phase— 
frequently after a brief lag period. As the concentration of nutrients decreases, supply of one of 
the constituents (usually the primary source of carbon) eventually becomes a limiting factor and 
thereafter the rate of growth of the organisms is approximately proportional to the concentration 
of growth-limiting substrates®?-*°, The same principles govern the growth of the autotrophic 
nitrifying bacteria, Nitrosomonas which converts ammonia to nitrite, and Nitrobacter which brings 
about oxidation of nitrite to nitrate. These organisms are able to use free carbon dioxide or 
bicarbonate ions as the primary source of carbon for the growth of new cells, the oxidation of 
ammonia or nitrite providing the energy for the cell synthesis. Generally the concentration of 
carbon available in the above forms is greatly in excess of requirements and it is the concentration 
of ammonia or nitrite which becomes growth-limiting as the cell synthesis proceeds. In these 
circumstances the rate of increase in the mass of cells at any time in an incubated sample containing 
the organisms will be proportional to the product of the concentration of cells present and some 
function of the ammonia or nitrite concentrations. The kinetics of these autocatalytic reactions 
have been recently developed at the Laboratory*® 3’, It has not been found possible to apply the 
constants of the autocatalytic equations to the calculations of distributions of nitrogen compounds 
in the estuary. This is partly because knowledge would be required of the concentrations of 
Nitrosomonas and Nitrobacter in the estuary (and there appears to be no direct method of enumerating 
these organisms) and partly because of the difficulties involved in introducing such equations 
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to the already complex computations described in Chapter 17. Consequently, it has been necessary 
to carry out the calculations on the assumption of a single first-order reaction for the overall 
oxidation of ammonia to nitrate. 


EVALUATION OF FIRST-ORDER RATE-CONSTANT 


In an element of the estuary of length 5x, at a position where the area of cross-section is 
A, the mass of ammoniacal nitrogen is Nim A 5x, Namm being the concentration of ammoniacal 
nitrogen. If the assumption is made that nitrification may be represented by a first-order reaction, 
the net rate of utilization of ammoniacal nitrogen, Ry, is given by Ry = [«N,,,,, 4 dx where x 
is the unimolecular rate-constant and where the integration is carried out over the reaches of the 
estuary in which nitrification is occurring; if « can be assumed to be sensibly constant throughout 
the length of estuary considered, then 


Revcestax (Needed (28) 


Average distributions of ammoniacal nitrogen were calculated from L.C.C. data for each 
quarter of the years 1950-59; the mass of ammonia in the reaches in which nitrification was 
believed to be occurring was obtained by summing the products of the average concentration 
of ammonia and the volume of water in successive 2-mile reaches in which the oxygen content 
was greater than 5 per cent saturation, from 18 miles above to 40 miles below London Bridge, 
thus giving a numerical approximation to the integral in Equation 28. The average value of Rx, 
the net rate of oxidation of ammonia, is the 70-5 tons/day of Table 77; the individual values of 
Ry were found by compiling 40 such tables—one for each three-monthly period in the decade. 
The quarterly values of the rate-constant « were then estimated from Equation 28. The average 
values found for the four quarters of the year were 0-095, 0-143, 0-103, and 0-074 day 
respectively, the overall average being 0-103 day~!. For individual quarters this method is not 
entirely satisfactory, owing to other seasonal effects. For example, in second quarters the rapid 
growth of phytoplankton may utilize a considerable part of the ammonia, and if the organic nitrogen 
thus formed is not reconverted to ammonia before the end of the quarter the value of Ry, and hence 
that of x, will have been over-estimated; the figures quoted above show that the estimated value 
for « was 40 per cent above the annual average. Conversely, in fourth quarters, when the rate of 
death and decay of phytoplankton is likely to exceed the rate of growth, the true value of x may 
be under-estimated; the value found was 30 per cent below the annual average and 20 per cent 
below the average for first quarters despite the lower temperatures prevailing in first quarters. 
It is therefore evident that the values of « derived for individual quarters may be appreciably 
in error; nevertheless, it is probable that the overall average value of about 0-1 day! for the 
whole decade is subject to relatively little uncertainty from seasonal effects. Even when considering 
each set of ten values for corresponding quarters the data are very scattered, and it is not possible 
to obtain a satisfactory value for the temperature coefficient of «x; taking all the available data 
the value of « is given approximately by 


x = 0-073(1-017)°. (29) 


EFFECT OF TEMPERATURE 


Equation 29 indicates a temperature coefficient of only 1-7 per cent per degC. Though it is not 
considered that this is the absolute value of the temperature coefficient it appeared to be the most 
suitable one to use for subsequent calculations (but see p. 503). The effect of seasonal variations may 
largely eliminate the true effect of temperature. Furthermore, the rate of nitrification is likely to depend 
on the concentration of suspended matter (as it does in the activated-sludge process) and this 
concentration may itself be dependent on temperature. It may be mentioned that the temperature 
coefficients of the growth-rate constants for Nitrosomonas and Nitrobacter were found to be rather 
more than 10 per cent per degC in the experiments carried out at the laboratory using Thames 
water *, 

Other workers have found values which are consistent with Equation 29. Thus, Thomas*’, in 
experiments with sewage at 23°C, found values of 0-053 day“! when using unseeded diluted 
sewage, and ()-14 day! when the diluted sewage was well seeded (Equation 29 gives 0-11 day 
at this temperature); Streeter®®, using Illinois River water, found 0-071 day~! at 20°C (Equation 29 
gives 0-10 day~!); while Moore”, using diluted domestic sewage, found values of roughly 
0:06 day! at about 6°C, 0-08 day~t at 10°C, and 0-14 day~! at about 20°C (Equation 29 gives 
0-08, 0-09, and 0-10 day respectively). 

It does not necessarily follow that these various results support the application of Equation 29 
to calculations relating to the Thames—or even that the use of the first-order form of equation is 
justified, but once the assumption of a first-order reaction has been made, the methods used in 
deriving the two numerical constants in Equation 29 are likely to be the most suitable. 
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EFFECT OF DISSOLVED-OXYGEN CONCENTRATION 


In a series of experiments to examine the effect of the concentration of dissolved oxygen on the 
rate of nitrification, Thames water, with ammonium sulphate added to give a concentration of about 
18 p.p.m. ammoniacal nitrogen, was incubated without dilution in a series of aspirators in a 
constant-temperature room at 19°C. A different concentration of dissolved oxygen was maintained 
in each vessel by passing a mixture of air, nitrogen, and carbon dioxide through the water, the 
rate of flow of each gas being measured and the total flow being roughly the same for each vessel. 
The partial pressure of carbon dioxide was adjusted to keep the concentration of free carbon 
dioxide present in the water at its initial value; the required rate of flow was obtained from a 
subsidiary experiment in which the flow was adjusted until the initial pH value was maintained. 
In a typical series of experiments, in which the initial pH was 8-2, the mean value during the course 
of the experiments was 8-0, the range being from 7-4 to 8-5 and the lowest values occurring when 
the ammonia had been largely oxidized. Determinations were made, generally twice daily, of the 
contents of dissolved oxygen, and of ammoniacal, nitrous, and total oxidized nitrogen, and (less 
frequently) of the pH value. 

In the estuary there is a continual exchange of ammonia and of nitrifying organisms between 
adjacent bodies of water, and ammonia is entering continuously from land sources; consequently, 
the population of nitrifiers is likely to remain far more constant than in the laboratory experiments, 
in which the progress of nitrification in particular samples of water was studied. In these experiments 
the concentration of cells must have increased greatly during the course of nitrification, the exact 
amount depending, among other things, on the initial concentration of ammonia. For examining 
the effect of dissolved oxygen on the rate of nitrification the maximum rate of disappearance of 
ammonia during each experiment has been found. The results are shown in Fig. 144 where they 
are plotted against dissolved oxygen; a smooth curve has been drawn through the plotted points, 
and the maximum value attained by the curve is arbitrarily expressed as 100 per cent. 
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Fic. 144. Effect of dissolved-oxygen concentration 


on rate of nitrification of samples of Thames water 
incubated at 19°C 


« It is seen that the rate of oxidation of ammonia is largely independent of the concentration — 


of dissolved oxygen so long as this is greater than about 3 p.p.m. This effect of dissolved oxygen 
is roughly similar to that observed in work on activated sludge®?: 41 42, soil4?, and pure cultures“, 
although, with samples of Thames water, the level below which the rate becomes dependent on 
concentration appears to be somewhat higher than that observed by other workers (except 
Wuhrmann‘!); the number of observations in the critical range is, however, too few to decide 
whether these differences are significant. | 

In the calculations made in Chapters 17-19 it is assumed that when the oxygen content is 
above 5 per cent saturation, nitrification proceeds at a rate which is independent of the concentration 
of dissolved oxygen, this rate being defined by the first-order reaction of which the rate-constant 
is given by Equation 29; when the oxygen content is below 5 per cent saturation it is assumed 


that no nitrification occurs; and when it is equal to 5 per cent that nitrification proceeds at some 
intermediate rate, 
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EFFECT OF pH VALUE 


The pH values found for the estuary water were discussed on pp. 182-183 where it was shown 
that they were generally between 7-5 and 7-8 at Teddington, and between 7:2 and 8-3 at Southend, 
with a minimum value in the range 7-0—7-5 occurring in the central part of the estuary. The effect 
of pH value on nitrification in Thames water has not been examined experimentally, but Meyerhof*, 
and also Hofman and Lees**, found the optimum range of pH values for Nitrosomonas to be 
between 8 and 9, the activity falling to 50 per cent at pH 7. Buswell*’ stated the optimum range to 
be 8-8-5. More recently, Engel and Alexander*® have reported the maximum activity to occur 
between pH 7 and 9. In recent work with activated sludge at the Laboratory an optimum pH of 
7-8 was found, the activity being 50 per cent at pH 7-0. For Nitrobacter, Meyerhof* indicated that 
the maximum rate of growth occurred in the pH range 8-3-9-3; however, Boon and Laudelout* 
report a more pronounced optimum at about pH 7-8 with 90 per cent of the maximum activity 
at pH 7-0 and at pH 8-6. 


THEORETICAL OXYGEN DEMAND 


The complete oxidation of ammonia, according to the reaction 
NH, + 20, > HNO, + H,O, (30) 


requires 4 x 16-00/14-01, or 4-57, g of oxygen for each gram of nitrogen. In a sewage effluent 
the ammoniacal nitrogen generally forms a large proportion of the total oxidizable nitrogen: for 
example, a particular sample of settled sewage contained 42 p.p.m. ammoniacal and 19 p.p.m. 
organic nitrogen, while for a sample of effluent from the activated-sludge plant at the same sewage 
works the corresponding figures were 33 and 9 p.p.m. 

It is believed that, generally speaking, organic nitrogen is not directly oxidized, but is first 
hydrolysed to ammonia. However, during this process, oxygen is absorbed for the oxidation of 
organic carbon, so that for the present purposes the reaction may be assumed to be represented by 


organic carbon + organic nitrogen + oxygen + water > carbon dioxide + ammonia. (31) 


The ultimate oxygen requirement of organic nitrogen is therefore taken to be the same as that of 
ammoniacal nitrogen. 
The oxidation of nitrite, 


2HNO, + O, > 2HNO,, (32) 


requires 1-14 g of oxygen for each gram of nitrous nitrogen, but in practice the nitrite content 
of polluting discharges is generally small in comparison with the content of ammoniacal and organic 
nitrogen, so that the ultimate oxygen demand of the nitrogenous constituents is given with 


sufficient accuracy by 
Uy = 4°57N, (33) 


where NV is the total oxidizable nitrogen. Nevertheless, when nitrite figures are available these 
have been taken into account, using Equation 32, in calculating the ultimate oxygen demand. 


THE ULTIMATE OXYGEN DEMAND 


Addition of Equations 25 (p. 216) and 33 gives 
Ui Ug Uy = 2-670 44-57 N (34) 


In this equation for the theoretical ultimate oxygen demand (U.O.D.), C is the organic carbon 
content, and WN the sum of the contents of ammoniacal and organic nitrogen; when nitrite is present, 
a further term, equal to 1:14 times the content of nitrous nitrogen, must be added. 

From differences between the rates of oxidation of organic carbon and inorganic nitrogen, 
it is evident that the U.O.D. cannot be used as a single entity in an equation to express the expected 
uptake of oxygen by any particular effluent after its discharge to the estuary: distinction must be 
made between the components U, and Ux of the total U.O.D.; it is also necessary to consider 
separately the contributions made to Uy by organic and inorganic nitrogen compounds. 
Nevertheless, the total U.O.D. is required in the calculations of the balance of oxygen in the 
estuary and in the estimation of the average value of the rate of solution of atmospheric oxygen 
(Chapter 12). 


COMPLETENESS OF OXIDATION 


It is clearly of considerable importance to examine whether the oxygen uptake in long-term 
experiments differs substantially from the theoretical U.O.D. Generally it is impossible to make this 
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examination for the oxidation of carbonaceous and nitrogenous matter independently as the two 
processes take place simultaneously. ‘The oxidation of ammonia may, however, be studied by taking 
the differences between the data for pairs of laboratory experiments?! with Thames water at 
approximately the same temperature with and without the initial addition of ammonia to the 
sample; the effect of carbonaceous oxidation is thus largely eliminated, since it may be assumed 
that this process is occurring at nearly the same rate in each of the two vessels. It appears that the 
oxygen equivalent of the nitrate formed has been considerably over-assessed. Examination of all 
the data for which the calculated oxygen equivalent exceeded 10 p.p.m. gives an average factor 
of only 3-94 instead of the 4-57 assumed. Inclusion of the results for three other experiments 
gives an average factor of 4-03. The discrepancy between this figure and the theoretical value 
of 4:57 is probably due to the use of free or combined carbon dioxide as a source of carbon for 
growth of the nitrifying bacteria. A large proportion of the oxygen in the carbon dioxide becomes 
available, and the effect could be to reduce the uptake of molecular oxygen from 4-57N to about 
4N, in agreement with the results of the above experiments. Other workers*—*!, using washed 
cells in short-term respirometer experiments, have confirmed the theoretical ratio of oxygen 
consumed to nitrite or nitrate formed. In the estuary the nitrifying bacteria will die, the resulting 
cell material will utilize oxygen equivalent to that released from the carbon dioxide during the 
growth phase, and the full theoretical demand of 4-57N will eventually be exerted. This value is 
adopted in all subsequent calculations. 

The calculated U.O.D. and the experimentally determined values of long-term uptakes for 
samples of sewage and sewage effluent are compared in ‘Table 78, where the oxygen absorbed in 
50 and 150 days is also expressed as a percentage of the calculated U.O.D. These figures suggest 
that had the experiments been carried on for about a year, the differences between the observed 
uptakes and calculated U.O.D. would have been very slight, any unoxidizable residue thus repre- 
senting a very small proportion of the total U.O.D.: the end-products of the incomplete oxidation 


of the type of synthetic detergents that have hitherto generally been used may be included in this. 


residue and they have been estimated to account for roughly 4+ per cent of the U.O.D. of the 
efHuent from the L.C.C. sewage outfalls and roughly 1 per cent of that from Mogden. 


Table 78. Comparison of U.O.D. with oxygen absorbed by sewage effluents 


(a-g) in respirometers, (h) and (j) in bottles 























Oxygen absorbed 
eS Calculated In | 
of In 50 days In 150 days 
Source of effluent sample Beaton COED: 5 days | 
CC) (p.p.m.) 
t 
(p.p.m.) | (p.p.m.) bakes (p.p.m.) Cee 
Luton Sewage Works 
(a) Primary settlement tank 20 406 2a 370 91 386 95 
(b) Activated-sludge plant 20 246 Sy? 225 91 235 96 
(c) Humus tank 20 Do 10 39 51 64 83 
(d) Sand filter 20 52 6 29 56 47 90 
Northern Outfall Works 

(e) Mixed effluent diluted | 

with sea water 25 395 170 336 85 — eae 
(f) Mixed effluent diluted 

with sea water 20 349 136 325 93 == == 
(g) Mixed effluent diluted 

with sea water 25 349 121 327 94 — Ee 
(h) Mixed effluent diluted 

with standard 

dilution water 20 350 108 337 ; 96 — — 
(j) New aeration plant 20 178 22 141 79 — — 

















The U.O.D. was introduced® to estimate the ultimate oxygen requirements of the types of 
effluent considered in Table 78; it is assumed that effluents of these types discharging to the estuary 
would eventually be oxidized completely if they were retained in the water for a sufficient time. 

It is likely that some industrial discharges contain material for which the calculated U.O.D. 
will be substantially greater than the uptake in estuary water during a year. Also, any discharge 
containing even small amounts of coal dust will have a very much higher U.O.D. than is likely 
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to be satisfied—a sample of domestic coal was found to have a U.O.D. of over 2 million p.p.m., 
but it is not thought that coal dust is oxidized biologically in the estuary. 

The more highly purified an effluent is, the greater is likely to be the proportion of unoxidizable 
material contributing to the calculated U.O.D. The Thames at Teddington contains organic 
material that may have been undergoing oxidation for several months; it has been estimated that 
the average time taken for the water to flow from Oxford to Teddington (a distance of rather 
more than 90 miles) during a period when the average flow at Teddington was nearly 500 m.g.d., 
was about 25 days. It is thus to be expected that the calculated U.O.D. of the water at Teddington 
will be appreciably greater than the observed uptake even after a long period of incubation. 
Eight samples of water from this point, taken in 1958-59, were incubated at 20°C in a series of 
bottles; after a year the average uptake was equivalent to only half of the calculated U.O.D. 
The course of oxidation in these samples is examined further on pp. 240-241. 

The water from the other fresh-water discharges, particularly those such as the Wandle and 
Beam which are highly polluted, might be expected to give values for the ratio of the U.O.D. to 
the long-term uptake lying between those for sewage efHuents and for the Thames at Teddington. 
That this is so may be seen by comparison of Tables 78 and 79. 


Table 79. Percentage of U.O.D. of samples from fresh-water discharges satisfied 
after incubation for 5, 50, and 150 days at 20°C 




















ear Gaye Percentage of U.O.D. satisfied 
Source of sample am im . Lawes 
In 5 days In 50 days | In 150 days 
Thames at Teddington 8 29 12 31 377 
Thames at Teddington* 4 17 7 28 36 
Beverley Brook i) 92 5 43 — 
Beam 1 105 9 59 56 
Lee 1 124 5 20 44 
Wandle 2 147 11 64 — 
* After filtering through porous candle. + Average for seven samples only. 


On the other hand, samples taken from two points in the Trent®?, each incubated in three 
respirometers after filtering through a washed Whatman 54 filter paper, were found to have 
an average U.O.D. of 69 p.p.m., and of this 80 per cent had been satisfied after only 47 days’ 
incubation at 20°C. These samples contained over 7 p.p.m. ammoniacal nitrogen, which accounts 
for over half the initial U.O.D. 

The second row of figures in Table 79 refers to samples of ‘Thames water that were filtered 
through a porous candle to remove all the solid matter; one of these samples was seeded with water 
taken from the Thames at Kew. From these results it would appear that the proportion of U.O.D. 
which is not satisfied within 5 months is at least as great in the dissolved as in the suspended matter. 
It must be pointed out, however, that the calculated U.O.D. of samples of fairly clean river water 
is liable to a very large percentage error owing to the insensitivity of the determination for organic 
carbon (see also p. 572). 


APPLICATION OF RESULTS 


It is necessary to make certain simplifying assumptions before the results of the work described 
in the present chapter can be applied to the calculation of distributions of dissolved oxygen and 
nitrogen compounds in the estuary. 

As was suggested on pp. 216-217 the course of oxidation of the organic carbon present in settled 
sewage or sewage effluent, when incubated under laboratory conditions, is generally represented 
best either by the sum of two or three simple exponential curves, or else by a retarded exponential in 
which the ‘rate-constant’ decreases as oxidation proceeds. In fitting these curves the calculated 
oxygen demand given by Equation 25 (p. 216) has been assumed, and this has given satisfactory 
curves for the course of oxidation. Unfortunately, the methods of calculation developed in 
Chapter 15 are complex even when a simple exponential equation is used. It is impracticable to 
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use equations of the retarded-exponential type; even the sum of two exponential terms adds 
appreciably to the complexity, but (as shown in the next chapter) the introduction of a second 
term is essential in order to obtain a reasonable representation of the course of oxidation of some 
of the polluting discharges. Consequently, in the subsequent calculations it will generally be assumed 
that the oxidation of organic carbon takes place exponentially according to Equation 16 (p. 211)—the 
rate-constant, k, being taken to be that given by Equation 23 (p. 214)—but that for certain discharges 
part of the organic carbon is oxidized more slowly or not at all. 

The most suitable figure to be used for the total carbonaceous oxygen demand is discussed 
as the need arises in the assessment of polluting loads in the next chapter where it is expressed 
as E, the effective carbonaceous oxygen demand. 

For nitrogenous substances the ultimate oxygen requirement will be taken as that given by 
Equation 33 (p. 221), except that, when a proportion of the organic carbon is assumed not to 
contribute to the effective carbonaceous load, the same proportion of the organic nitrogen is excluded 
when calculating the effective nitrogenous load. 

When the dissolved-oxygen content of the estuary water is less than 5 per cent saturation, 
it will be assumed that no nitrification occurs (see p. 220), and that when equal to 5 per cent, 
it occurs at a restricted rate. It will further be assumed that, when sufficient dissolved oxygen 
is present, ammoniacal nitrogen is oxidized exponentially with a rate-constant, «x, equal to that 
given by Equation 29 (p. 219). The hydrolysis of organic nitrogen to ammonia is considered to 
occur at the same rate as the oxidation of the associated organic carbon, the ammonia thus formed 
then being oxidized with the rate-constant given by Equation 29. 

After examining the results of other workers who have studied the course of oxidation of polluting 
liquors and of polluted waters, finding conflicting evidence that could not be resolved, and concluding 
that these results could not reasonably be applied in the present investigation—and after carrying 
out a large number of experiments to elucidate some of those points which seemed to be most 
obscure—further complexities have occurred, and the picture has probably become even more 
confused, although more detailed. In spite of this confusion, and the tentative nature of some of 
the conclusions drawn from the recent work and the difficulties involved in applying them, it is 
reasonable to suppose that the methods of calculation developed from them are at least as applicable 
to the system being studied as would be any other methods at present available; the comparison 
of observed and predicted distributions of ammoniacal and oxidized nitrogen in Chapter 17 
indicates that these methods have been applied with a fair degree of success. 
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CHAP TERS 


Assessment of Polluting Loads 


The polluting loads examined in Chapter 4 were all expressed in terms of B.O.D., but in calculating 
the effects of the various discharges on the condition of the water of the estuary it is necessary to 
represent mathematically the whole course of oxidation up to the time when the remaining 
unoxidized material escapes from the system through the seaward limit of the estuary, or is lost 
from it as a result of deposition. The mathematical calculations (Chapters 15, 17, and 18) are 
complicated—even when assuming a simple representation of oxidation processes—and it is 
therefore essential for the course of oxidation to be expressed in the simplest form that is consistent 
with the experimental data. ‘The methods to be adopted were outlined at the end of the previous 
chapter. 

Mathematical representation of the course of oxidation requires, basically, knowledge of two 
factors: the oxygen demand of the polluting matter and the rate at which this demand is satisfied. 
The first factor is given by the polluting load when expressed in suitable terms; the second was 
discussed on pp. 223-224. Each source of pollution (or group of sources) has been considered 
in the light of the existing information, and the estimated loads given in this chapter are expressed 
in three ways: in terms of the B.O.D. load, the U.O.D. load, and the effective load (defined below). 
Figures for the B.O.D. load have already been derived in Chapter 4, and they are used in calculating 
the carbonaceous part in the other two methods of assessment. The U.O.D. loads, representing 
the oxygen demand of the whole of the potentially oxidizable material entering, are required in 
the calculation of the oxygen balance in Chapter 12, and are divided into their carbonaceous and 
nitrogenous constituents in accordance with Equation 34 (p. 221). The effective loads are used 
in Chapters 17 and 18 for calculating the distributions of dissolved oxygen, and of oxidizable and 
oxidized nitrogen, and are again divided into carbonaceous and nitrogenous parts, the latter part 
being sub-divided into ammoniacal and organic fractions. ‘The expression from which the total 
effective load is calculated for each discharge is somewhat complicated; in many cases it may be 
replaced by the simpler form given at the end of the chapter (p. 246). 


THE EFFECTIVE LOAD 


Where long-term oxygen-absorption experiments have shown that oxidation is still continuing 
after incubation for over a month at 20°C, it is unsatisfactory to use the U.O.D. and the rate-constant 
given by Equation 23 (p. 214) in expressing the uptake of dissolved oxygen during carbonaceous 
oxidation, since the value of this rate-constant at 20°C indicates that 99-9 per cent of the organic 
carbon should be oxidized within 30 days. 

It has been pointed out, however, that the carbonaceous stage of oxidation does not generally 
take place exponentially in accordance with Equations 14-16 (p. 211)—although the data from 
which the effect of temperature on the rate of carbonaceous oxidation was determined (Equations 
21-23, p. 214) were obtained by fitting exponential curves—and that the course of oxidation is 
sometimes represented more adequately by the sum of two or more exponential terms (Equation 26, 
p. 216) or by a retarded-exponential equation in which the ‘rate-constant’ decreases as oxidation 
proceeds. 


THE COMPOSITE-EXPONENTIAL EQUATION 


The complex nature of the calculations in Chapters 17 and 18 makes it impracticable to use the 
retarded-exponential form of equation. The sum of two simple exponential equations can, however, 
be used—but even then it is preferable that the two rate-constants adopted should be the same for 
all discharges. 

Also, in the calculations of distributions of dissolved oxygen in the estuary, it is clearly desirable 
that the representation should be most accurate for that part of the estuary where the particular 
effluent exerts its maximum effect. Consequently, it is better to make the calculated uptake in 
5 days agree with the observed value than to make the ultimate uptakes agree, since the latter 
method—while giving the most likely ultimate removal of oxygen by the effluent from the Thames 
water—would give too large a value for the calculated oxygen removal in the vicinity of the outfall. 

It was found, after fitting curves to the carbonaceous stage of oxidation of effluent and river-water 
samples, that the data cguld generally be represented adequately by the use of two rate-constants, 
one being the standard rate-constant, k, given by Equation 23 (p. 214) and the other being © 
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one-fifth as great. ‘The general form of the composite-exponential equation is then 
y = Efi — {(1—p)e-* + pe-™5}], (35) 


where y is the uptake of oxygen in time ¢, p is the proportion of the organic carbon considered to be 
oxidized at the slower rate (for a number of discharges it was found that the value of p could be 
taken as zero), and Ey is the total uptake of dissolved oxygen. This latter term, when multiplied 
by the rate of discharge of an effluent, gives the EL, load—an expression used throughout this 
chapter for the sake of brevity—and represents the weight of dissolved oxygen that, it is assumed, 
would be taken up in the estuary if the oxidation were in accordance with Equation 35 and if the 
effuent were to remain in the estuary for sufficient time. At 20°C, k = 0-234 day (hereafter 
generally abbreviated to 0-23 day!) and k/5 = 0-047 day; as k is always expressed in day-, t is 
in days. 

Three points need clarifying at this juncture: firstly, if some of the material escapes beyond 
the seaward boundary of the estuary it does not affect the polluting load, and this loss is taken 
into account in the calculations of dissolved-oxygen distributions; secondly, part of this effective 
carbonaceous load may be lost from the system by deposition and dredging; and thirdly, if a 
substantial part of the discharge oxidizes even more slowly than allowed by Equation 35, the total 
amount taken up may be appreciably greater than the E,, load—it may in fact be equal to the 
U. load (the theoretical carbonaceous ultimate oxygen demand load). However, making the value 
of FE, such that the uptake in 5 days, given by Equation 35, is equal to the B.O.D., ensures, so far 
as is possible from the inadequate experimental data available, that the probable uptake of oxygen 
in the estuary will be reasonably correct within a considerable distance of the outfall concerned, 
while the small errors introduced at more remote points are to some extent compensated for in 
the allowance made for deposition and dredging discussed on pp. 327-328 and 457-458. 


EVALUATION OF CARBONACEOUS LOAD 


To make the calculated uptake equal to the B.O.D. (B) it is simply necessary to make the following 
substitutions in Equation 35: y = B, t = 5 days, andk = 0-23 day“, the B.O.D. being the uptake 
in 5 days at 20°C. It is convenient also to make the substitution E, = AB so that A becomes the 
requisite factor for estimating E,, from the B.O.D. Thus 


B = AB[1 — {(1—p)e8*5 + pe00s7 x33], (36) 
which reduces to give 
1/A = 0:69—0-48p. (37) 


When p = 0, Equation 35 reduces to 
ii" 45.B(l en), (38) 


which then represents the course of oxidation for carbonaceous matter when this process takes 
place with the standard rate-constant. E,, is thus given, in general, by 


Eq = B/(0-69—0-48p), (39) 
and when p = 0 by 
Ee = 1"458. (40) 


It must be noted that, when nitrification occurs during the B.O.D. test, B must be replaced by 
B’—the uptake due to carbonaceous oxidation during the first 5 days—or (as is more convenient) 
A by A’ where A’B = AB’. 


EVALUATION OF NITROGENOUS LOAD 


It is thus assumed that of the theoretical carbonaceous ultimate oxygen demand, U,—which, 
by Equation 25 (p. 216), is equal to 2-67C, where C is the content of organic carbon—only an 
amount E, is oxidizable. Since it has also been assumed that the hydrolysis of organic nitrogen to 
ammonia proceeds at the same rate as the oxidation of organic carbon, the effective demand due 
to organic nitrogen has been obtained by multiplying the corresponding ultimate demand by E,/U¢, 
this slight adjustment being made for consistency in method. The effective oxygen demand due 
to oxidizable nitrogen is thus given, from Equation 33 (p. 221), by 


AB 
Ey = 4:57(\Namm + 77 Nore)» (41) 
Uc 


where N,,,,, and N,,, are the contents of ammoniacal and organic nitrogen respectively. 


(86724) R2 
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TOTAL EFFECTIVE LOAD 


The total effective oxygen demand thus becomes 


N 


org 


E= E,+ Ey = AB+ 4-37( Nom + ee ; (42) 
and it is this equation that is generally used in assessing the effective load during the remainder 
of the chapter. In the subsequent calculations it will be assumed that all the organic carbon in 
the E, load is oxidized in accordance with Equation 35; in many cases p will be assumed to be zero 
and Equation 38 will then apply. The whole of the ammoniacal nitrogen will be assumed to be 
oxidized logarithmically with the standard rate-constant given by Equation 29 (p. 219), and the 
organic nitrogen contributing to the effective load will be assumed to be hydrolysed to ammonia 
with the same rate-constants as for the oxidation of the carbon present, the ammonia thus formed 


then being oxidized at the appropriate rate for that substance. 


Limitations 


It is, however, impossible to calculate accurately the total effect of any discharge in which part 
of the polluting load is present in the form of suspended matter. Some of this will settle to the 
bed of the estuary and will later be removed in the course of dredging. Only the total amount lost 
from the system in this way is estimated in Chapter 12, and this loss represents an appreciable 
proportion of the total polluting load entering the estuary. Consequently even the effective loads 
given in the present chapter (and used in later chapters) will tend to be over-estimates—the degree 
of over-estimation probably being greater the higher the proportion of the polluting matter that is 
discharged in suspension. The loss by deposition will also depend on the position of the point 
of entry to the estuary, as well as on those hydraulic conditions in the estuary which are related 
to factors such as the fresh-water flow. In the calculations described in Chapters 17 and 18, 
allowance has been made for the effects of deposition and dredging (from the assessment in 
Chapter 12). While it is believed that this is reasonably satisfactory for calculating the chemical 
condition of the estuary, it must be emphasized that calculations of the effects of individual 
discharges will be liable to considerable error from this source. 


SEWAGE EFFLUENTS 


The relations between B.O.D. and U.O.D. were examined for the discharges from some of the 
larger sewage works, and these relations have been used in estimating the U.O.D./B.O.D. ratio 
likely to be applicable to the effluents from the smaller works. ‘The effective demand also has 
been calculated from the B.O.D. 


Lb. CeCe MAINY DISCHARGES 
U.O.D. load 


Samples of the efHuents from Northern and Southern Outfalls were examined at the Laboratory 
in February—April 1955 and further samples, from Northern Outfall only, in March 1956 and 
January-February 1957. The B.O.D. (B) of each sample was determined, and the U.O.D. (U) 
was calculated from the contents of organic carbon (C) and of oxidizable nitrogen (NV). Detailed 
figures for the first series of samples have been published elsewhere! and the relations between 
C, N, and B, are shown in Fig. 145 which also includes some data for samples from Mogden 
Sewage Works (see pp. 232-233). 

It is seen, from Fig. 145(a), that the B.O.D. varies almost linearly with the organic carbon. 
If the B.O.D. represents the uptake of oxygen during 5 days by the oxidation of organic carbon 
according to the simple exponential form (Equation 38), and if all the carbon is oxidizable, then 
it is to be expected that E, = Ug, that is 1-45B = 2-67C, or 


B = 1-84C. (43) 


This equation is represented by the broken line in Fig. 145(a) where it is seen that the B.O.D. 
of the more highly purified effluents would be greatly over-estimated from the carbon content, 
thus suggesting that not all the carbon is as readily oxidizable as Equation 38 would require, so 
that either p 4 0 or there is an unoxidizable residue. 
Various types of equation may be fitted to the scattered data of Fig. 145(a); the smooth curve 
drawn represents the equation 
/ 2.5¢C2 
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Fic. 145. Relations between organic carbon, oxidizable nitrogen, B.O.D., and U.O.D. for different sewages 
and sewage effluents 


Equation 44 was not based on any theoretical considerations, but appears to be the simplest 
form that will adequately represent the plotted points; it may be rewritten 


C = 1B(1+1/1+750/B) p.p.m. (45) 


It can be seen that, according to these equations, when the B.O.D. is 50 p.p.m., the organic-carbon 
content is also 50 p.p.m.; for stronger effluents the numerical value of the B.O.D. is greater than 


that of the content of organic carbon. mained 
The dependence of N on B and C is shown in Fig. 145(b and c). The approximately linear 
relation between N and B is given by 


N = 35:8+ 0:064B p.p.m., (46) 


and the curve shown in Fig. 145(c) is that given by combining Equations 44 and 46. 
From Equations 34 (p. 221), 45, and 46, the relation between U.O.D. and B.O.D. is found 


to be approximately 
U = 164 + B(0-83+0-5344/1+750/B) p.p.m., (47) 


and the curve represented by this equation is shown in Fig. 145(d) together with the individual 
data for B.O.D. and U.O.D. ve 

In assessing the carbonaceous load from Northern Outfall the value of U,, has been estimated 
from B.O.D. figures by means of Equation 45. Although Equation 46 may be of value in assessing 
the nitrogenous load of those sewage discharges for which data are lacking, it is preferable to make 
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use of the L.C.C. data in determining Uy for the Northern Outfall effluent. Detailed figures are 
available for the content of ammoniacal nitrogen in the efluents from both the primary sedimentation 
and activated-sludge plants; the organic-nitrogen content of the settled sewage is also determined, 
and that of the effluent from the activated-sludge plant has been estimated from the ammoniacal 
nitrogen and the average ammoniacal/organic nitrogen ratio of 0-274 (standard error of estimate 
0-009) found for 24 samples of this effluent examined at the Laboratory. From these figures the 
oxygen equivalent of the total oxidizable nitrogen, Uy, has been calculated. The estimated loads 
are shown in Table 80. (Using Equation 46 in place of the method described above gives values 
of Uy greater by 2 per cent on average during 1950-53.) 


Table 80. Estimates of polluting load (tons/day) discharged from Northern Outfall 



































U.O.D. load in terms of Effective load 
Period pee Nitrogenous 
Ue Uy U Carbonaceous Total 
Ammoniacal | Organic 
1949 204 328 192 520 296 133 53 482 
1950 207 B32 201 533 300 139 56 495 
1951 206 334 191 525 298 129 55 482 
1952 200 B25 197 522 291 135 55 481 
1953 198 322 189 511 288 129 54 471 
1954 191 315 190 505 278 127, 56 461 
1955 166 282 188 470 240 126 53 419 
1956 129 236 176 412 187 124 41 352 
1957 123 229 167 396 178 120 3:7 335 
1958 124 236 183 419 180 129 41 350 
1959 124 234 172 406 178 123 38 339 
1960 85 187 15a 338 122 109 27 258 
1961 86 188 139 327 125 97 28 250 
1962 101 205 146 Sey! 147 103 30 280 
1949-54 201 326 193 519 292 132 55 479 
1955-59 133 243 177 420 193 124 42 359 
1960-62 91 193 145 338 131 103 28 262 























The same method has been used for Southern Outfall; average figures for the estimates of the 
U.O.D. load and its component parts are shown in Table 81. 


Table 81. Estimates of polluting load (tons/day) discharged from Southern Outfall 





U.O.D. load in terms of Effective load 





Period Nitrogenous 


Use Uy U Carbonaceous Total 





Ammoniacal | Organic 


























1949 124 89 Dig 106 66 19 191 
1950 130 93 093 108 68 20 196 
1951 139 97 236 112 70 22 204 
1952 140 100 240 116 73 22 211 
1953 135 93 228 114 67 22 203 
1954 135 91 226 111 64 99 197 
1955 146 101 247 123 73 24 220 
1956 145 97 242 124 69 24 217 
1957 129 90 219 110 64 22 196 
1958 145 105 250 119 76 24 219 
1959 137 91 228 116 66 21 203 
1960 151 105 256 125 75 25 225 
1961 168 113 281 141 80 28 249 
1962 180 102 282 149 69 27 245 

1949-54 134 94 228 111 68 21 200 
1955-59 140 97 937 118 70 23 211 
1960-62 ‘| 166 107 273 138 75 27 240 
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Effective load 


In Fig. 146 are shown the results of two oxygen-absorption experiments for effluents from 
Northern Outfall, each experiment being duplicated; the average temperature of incubation 
was 29:4°C; from the observed uptake of oxygen was subtracted the calculated oxygen equivalent 
of the oxidized nitrogen formed since the beginning of the experiment—no correction for nitrifi- 
cation was required for the first 9 days. The upper diagram refers to a 24-h composite sample of the 
final mixed effluent discharged on 24th—25th April 1960, and the lower diagram to the corresponding 
effluent from the old activated-sludge plant. Each of the two samples was diluted with a mixture of 
Thames water from London Bridge and Southend to give a salinity of 16 g/1000 g, and was then 
divided into two parts and the oxygen uptake studied. 
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Fic. 146. Results of duplicate experiments on uptake of oxygen during carbonaceous oxidation of effluents 
from Northern Outfall, diluted with Thames water, and incubated in closed apparatus at average temperature 
of 29°4°C 
(a) Final mixed effluent; (b) effluent from old activated-sludge plant 


If the assumption is made that p in Equation 35 (p. 227) is zero, then it is found, from Equations 
23 (p. 214) and 38, that the value of the B.O.D. (at 20°C) is given by the uptake in 3-2 days at 
29-4°C. The curves shown in Fig. 146 are calculated from Equation 38 with k equal to 0-37 day +— 
the value appropriate to 29-4°C—and with B equal to the observed uptake in 3-2 days. The 
fit is seen to be reasonable over the first 10 days, after which the scatter in the plotted points may 
arise from the uncertainties in the adjustment for nitrification. he vertical extent of each diagram 
corresponds to the value of Ug , the theoretical carbonaceous oxygen demand; the value of Eo, 
the effective carbonaceous (or ‘first-stage’) oxygen demand, is somewhat lower than the value 
attained after nearly 20 days at this temperature. From the results of these and earlier experiments, 
it seemed reasonable to conclude that p could be taken as zero and thus to use Equation 38 in the 
estimation of the effective polluting loads discharged from the Northern and Southern Outfall 
Works. 
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Application of data 

It is convenient here to restate the use to be made of the various estimates of the polluting 
load shown for the main L.C.C. discharges in Tables 80 and 81. The B.O.D. load is that most 
readily obtained, and of the regular analyses made at these works it is the B.O.D. alone that gives 
an indication of the oxygen demand of the carbonaceous matter. ‘The U.O.D. load in terms of U, 
is the theoretical ultimate oxygen demand of all the organic carbon present in the effluent, the 
carbon content being, in general, estimated from the figures for B.O.D. by means of Equation 45 
(p. 229) and hence U,, from Equation 25 (p. 216). The U.O.D. load in terms of Uy is the 
corresponding contribution made by the total oxidizable nitrogen from Equation 33 (p. 221) and 
the observed nitrogen data. ‘The U.O.D. in terms of U is the total theoretical daily oxygen demand 
found by addition of the figures for the U, and Uy loads; this is the quantity required in the 
calculation of the oxygen balance in Chapter 12. The figures for the effective carbonaceous load 
are 1-45 times those for the B.O.D. load (from Equation 40, p. 227) and are those which will be 
used in subsequent calculations of the effect of the carbonaceous part of these effluents on the 
water of the estuary. For Northern Outfall in 1950-53 this load is about 90 per cent of the 
theoretical carbonaceous load, and for Southern Outfall about 82 per cent; the total discrepancy 
between the E,, loads and the U, loads for these two discharges amounted to 58 tons/day—about 
5 tons/day of this may be attributable to the carbon present in detergent residues. 

The effective nitrogenous load is divided into its ammoniacal and organic constituents, both 
these being required in calculating the distributions of dissolved oxygen and nitrogen compounds 
in the estuary. The total effective load, shown in the final column of Tables 80 and 81, is the sum 
of the figures in the three previous columns. 

In Fig. 147 the yearly averages of the various estimates of the polluting load discharged from 
Northern Outfall are compared. | 
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Fic. 147. Variations in estimated polluting load discharged from Northern Outfall in terms of factors shown 3 
in Table 80 










MOGDEN SEWAGE WORKS 


Quarterly averages of the flow, B.O.D., and B.O.D. load of the efHuent (excluding any discharge 
of surplus activated sludge) from Mogden Sewage Works were given in Table 37 (b—d) (p. 76). 
In September 1955 the contents of organic carbon and oxidizable nitrogen were determined in 
24-h composite samples of the effluent, taken on seven consecutive days; after incubation for 
5 days at 20°C no trace of nitrate was found in any of five samples examined. In October 1956 a 


further five samples were examined; the results of all these analyses are shown in Table 82 and are 
included in Fig. 145 (p. 229) 


Table 82. Results of analysis of 24-h composite samples of final mixed effluent from 
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Mogden Sewage Works 


B.O.D. determined at works, other analyses made at the Laboratory 


233 





Period . Total : Total 
(9am. to8am.| B.O.D. pee oxidizable es oxidized Nitrite | U.O.D, | U.O.D. 
on (p.p.m.) tpn oes nitrogen (p ae ) nitrogen (p.p.m.) (p.p.m.) BO: 
following day) Tees (p.p.m.) aig (p.p.m.) 
September 1955 
19 21-5* 31-5 43-5 — —- —_ 283 13-2 
20 26°5 29 38 — — a PHI 9°5 
21 23 31 36 — — — 247 10:8 
22 35 42 39 — — —_ 290 8-3 
23 PPL 22 = = | — 181 
24 } 15 | 25 34 — — — 222 14-4 
25 25 39 = — — 245 
October 1956 
De 35 38 35:6 31°4 3-0 0:6 265 7:6 
28 46°3 38 34°8 30-4 3-6 0:4 261 5:6 
29 35 36 30:6 24°8 3°4 0:3 236 6°8 
30 43-8 34 32:0 27°8 3-6 0:25 3 5-4 
31 32°15 38 33-0 26°8 4-0 0:2 252 7:8 


























* 3 days at 27°C. 


The sample taken on 20th September 1955 was examined for its uptake of oxygen over a period 
of 29 days at 20°C. A series of bottles was incubated in the manner of the standard B.O.D. 
test and pairs of these were taken off at intervals; one bottle was examined for the oxygen 
remaining, and the other for the contents of ammonia, nitrite, and nitrate. [wo dilutions were 
used and the uptake of oxygen is shown in Fig. 148. None of the samples contained a measurable 
concentration of nitrate after incubation. The organic-carbon content of the original sample was 
29 p.p.m. (Table 82) and this is equivalent to an oxygen demand (U,) of 77-4 p.p.m. The results 
show the closeness of fit that may be obtained after making different assumptions as to the course of 
carbonaceous oxidation. 

A retarded-exponential equation 


y = 77-4{1 — (1+.0+2352)-°}_p.p.m. (48) 


(where y is the uptake of oxygen in ¢ days), shown by Curve A in Fig. 148, is seen to fit the 
experimental data as closely as can be expected in view of the discrepancies between the pairs of 
values given by the two dilutions. Equation 48, on differentiation, indicates that the value of 





TIME 


(days) 


Fic. 148. Comparison of experimental values and fitted curves for oxygen absorbed 
at 20°C by a sample of effluent from Mogden Sewage Works, incubated in bottles 
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‘the rate-constant’, k’, is initially 0-113 day—! and that it falls off with time according to the equation 
IES (HE hes ey p< (49) 


thus after 10, 20, and 50 days k’ has fallen successively to 0-034, 0-020, and 0-009 day—t. This 
suggests that the use of an exponential rate-constant of 0-234 day"+ would not satisfactorily 
represent even the first few days of oxidation; however, Equation 48 assumes a first-stage demand 
of 77:4 p.p.m., whereas, if Equation 38 (p. 227) is used, the first-stage demand is 1-45 times 
the B.O.D., or only 36-5 p.p.m. when using the mean experimental value of 25-2 p.p.m. for 
the uptake in 5 days. Thus Equation 48 gives an initial rate of uptake of 0-113 x 77-4, or 8-7, 
p.p.m./day, and Equation 38 gives 0-234 x 36-5, or 8-5, p.p.m./day, and either equation will 
adequately represent the first few days’ oxidation—this may be seen from Fig. 148 where Curve B 
is that given by Equation 38. Nevertheless, this effluent may be expected to exert a considerable 
portion of its total carbonaceous oxygen demand after 20 days (Curve A), whereas use of Curve B 
would assume that the oxidation would be virtually completed by that time. 

This situation requires the use of an equation containing a second exponential term, and it is 
found by curve fitting that the course of oxidation can be adequately represented by Equation 35 
(p. 227) with p equal to one-half and hence (from Equation 37) A equal to 2-23, so that 


y = 2-23BUi1 — (e028 4 e 0047) (50) 


this equation is represented by Curve C in Fig. 148. 

It is considered that Equation 50 is the most satisfactory one to use (although based on the 
results of a single experiment); in a separate experiment—the results of which have not been 
examined in such detail—it was found that carbonaceous oxidation was continuing at an appreciable 
rate after 30 days’ incubation at 25°C, by which time nitrification was complete. 

After studying the data for the quality of effluent (excluding any surplus sludge) discharged in 
recent years—during which the degree of nitrification has seldom been appreciable and it is unlikely 
that any significant degree of nitrification has occurred during the incubation period of the B.O.D. 
test—the probable value of U,, has been assessed by plotting the figures for organic carbon in 
Table 82 against those for B.O.D. and drawing a curve (the form of which was derived from the 
course of oxidation represented by Equation 48) through the plotted points; this curve has thus been 
used for determining the values of U, and hence those of the U, load which are shown in 
Table 83. If Equation 45 (p. 229) is used instead, slightly different values for U, are obtained, 
but the average discrepancy for 1950-53—the period for which the U.O.D. figures are required 


in the oxygen-balance calculations in Chapter 12—amounts to little more than 1 ton oxygen © 


equivalent per day. The effective carbonaceous load has been obtained by multiplying the B.O.D. 
load by 2-23. The values of Ux have been estimated from the detailed figures for ammoniacal 
nitrogen (as determined at the works) with the addition of the organic nitrogen estimated from the 


ammoniacal nitrogen and the average ratio between the two found from Table 82; the Uy load is 


Table 83. Estimates of polluting load (tons/day) discharged from Mogden Sewage Works, 
but excluding effect of any discharge of surplus activated sludge 


















































U.O.D. load in terms of Effective load 

Period Ha Nitrogenous 

Uo Uy U Carbonaceous Total 
Ammoniacal | Organic 

1950 4-8 20:5 64-8 85°3 10:8 54-9 yor? 70:9 
1951 8:2 29-1 67:4 | 96:5 18-3 SV/op? 6:4 81-9 
1952 57 ZITO 6 71°0 O06 a7 56°8 4) 75-0 
1953 6:8 24-2 | 67:3 91-5 15-2 57-0 6:5 78°7 
1954 8-8 | 28-1 | 60-0 | 88-1 19-5 50-9 | 6°3 | 76-7 
1955 8-5 Dif fan 6 3:5 91-2 19-2 53-9 6-6 19a 
1956 18:5 41:5 64-6 | 106-1 28-9 48-1 ied 88-2 
1957 173 SORE Odie oe) Other. 27-0 38-4 8:8 74-2 
1958 22-2 48:2 | 46°4 | 94-6 34:6 34°5 8:6 TOW 
1959 L6<7 38°8 52575) 90s 26-0 39-1 9-0 74-1 
1960 20-3 46-1 46-3 92-4 31-6 34°5 8:3 74°4 
1961 16:6 40-3 50:0 | 90-3 25:9 37:9 Fed YANO 
1962 15-2 37:7 50:5 88-2 23-7 37-6 7-9 69-2 
1950-54 6-9 25°41 65°3 90-4 15:3 55°4 5-9 76:6 
1955-59 16-6 39:2 | 55:75 | 94-9 27-1 42-8 8-8 78°7 
1960-62 17-4 41-4 | 48:9 | 90-3 27:1 36 8-0 Glo 
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shown under the U.O.D. load in Table 83, and the two components of the Ey load, derived from 
Equation 41 (p. 227), are shown separately under the effective load. 

Table 83 omits the effect of surplus activated sludge (see p. 75). From analyses of the sludge 
in November 1963 it is estimated that the discharge, in 1960-62, of 24 tons/day of sludge solids 
(Table 37(a)) would be equivalent to U,, and Uy, loads of roughly 28 and 11 tons/day respectively, 
and the corresponding terms in the effective load would be similar. The relevant entries in 


Tables 84 (p. 236) and 88 (p. 245) take account of these estimated loads. 


OTHER SEWAGE WORKS 


The polluting loads, expressed in terms of the U.O.D. and its carbonaceous and nitrogenous 
components, discharged from most of the other sewage works have been estimated from the figures 
for B.O.D. and flow given in Table 42 (p. 82) and the relations shown in Fig. 145 (p. 229), and 
the effective carbonaceous load has been derived from Equation 40 (p. 227)—in Equation 39 
p may be taken as zero because the more important of these discharges receive little or no secondary 
treatment. 

For most of these works the content of organic nitrogen, N,,,, has been estimated from the 


B.O.D. by means of Fig. 149 where a regression line having the equation 
Norg = 5°55 + 0:0427B p.p.m. (G1) 


has been fitted to the results of a large number of determinations of organic nitrogen and B.O.D.; 
the closed circles and squares in the diagram refer to quarterly averages of L.C.C. data, and the 
remaining symbols to individual determinations made at the Laboratory—equal weight has been 
given to each type of data. his equation (which has been derived for estimating N,,, when 
experimental data are lacking, and is not intended to imply any fundamental relationship) is 
probably unreliable for B.O.D. values below about 50 p.p.m. since the most suitable curve may be 
expected to pass through the origin as does the curve drawn in Fig. 145(a) (when the B.O.D. 
approaches zero the contents of both organic carbon and organic nitrogen are likely to approach 
zero); nevertheless, Equation 51 is considered to be sufficiently accurate for the purposes for which 
it has been used. Each effective load in terms of the nitrogenous constituents has been divided 
into the ammoniacal and organic components in accordance with Equation 41 (p. 227). 

Exceptions to these general rules have been made in the cases of Richmond, Acton, and 
Dagenham Sewage Works for which the results of analyses made by the Laboratory were available. 
The various assessments of polluting load are shown for all the sewage works in ‘Table 84 where 
details are given for 1950-53 together with some data (in italics) for 1960-62. 
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Fic. 149. Relation between B.O.D. and organic-nitrogen content of certain sewage effluents 
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STORM-SEWAGE DISCHARGES 


L.C:C.” DISCHARGES 


The storm sewage discharged to the estuary from the L.C.C.’s sewerage system may be 
considered as consisting of rain water and of crude sewage which, under dry-weather conditions, 
would be treated at the Northern and Southern Outfall Works. Each storm-sewage discharge 
entering from the north side of the estuary in 1950-53 was assumed to have had the same 
composition as the average crude sewage arriving at Northern Outfall, but diluted to the extent 
that the concentration of each constituent is B/389 times that in the crude sewage, where B is the 
B.O.D. (in p.p.m.) of the discharge and 389 p.p.m. is the average B.O.D. of the crude sewage in 
1949-1954 given in Table 34 (p. 72). (It is not possible to make any satisfactory allowance for the 
different strengths of the various sewages arriving at the works from different parts of the 
drainage area.) 

The corresponding values of U,, Ux, and U for the crude sewage were estimated from 
Equations 25 and 45, 33 and 46, and 47 respectively; those of E,, from Equation 40, and of Fy 
from Equation 41 where N,,,, is found from Equation 51 and N,,., from the difference between N 
(from Equation 46) and N,,,. The same method of calculation was used for the discharges from the 
south bank, but with the substitution of 281 p.p.m. for the B.O.D. of the crude sewage (Table 36, 
p. 74). Using the discharge figures given in Table 46 (p. 88) the average figures for the polluting 
loads discharged in 1952 have been calculated; adjusting these in proportion to the average rate 
of discharge during 1950-53 gives the results shown in Table 85. For 1960-62 the corresponding 
loads in terms of B.O.D., U.O.D., and effective oxygen demand are estimated to have been 11, 
25, and 25 tons/day respectively. 


Table 85. Estimate of average polluting loads (tons/day) discharged in 
storm sewage during 1950-53 





































































eee 
U.O.D. load in terms of Effective load 
System eee Nitrogenous 
Ug Uy U Carbonaceous Total 
Ammoniacal | Organic 
L.C.C. 8-4 12-3 6:3 18-6 t2-4 4-1 272 18-4 
Others 0-14 0-2 0-1 O23 0-2 O-t + 0-0 0-3 
Totals 











OTHER STORM DISCHARGES 


The polluting loads from the other storm discharges (p. 89) have been assessed in the same 
way as for the L.C.C. discharges from the south bank (it is thought unlikely that these further 
discharges contain as much trade waste as the sewage arriving at Northern Outfall). ‘The estimated 
average polluting loads, which are seen to be very small, are included in ‘Table 85. 


INDUSTRIAL DISCHARGES 


The relation between the various components of the polluting load of an industrial discharge 
will, in general, be different from those found for sewage effluents with the same B.O.D.; each of 
the discharges listed in Table 48 (p. 91) entering the estuary upstream of 32 miles below London 
Bridge has been assessed in the light of available information, and the results are shown in Table 86. 


SUGAR REFINERIES 


Two of the four sugar refineries and similar works were visited during the summer of 1959 
when the compositions of samples of intake water and effluent were compared; all four works 
had also been visited some years earlier but the analyses at that time were not so detailed. At one of 
the refineries, where the increases in B.O.D. and organic-carbon content of the water passing 
through the works were determined, F,, and U,, were calculated on the assumption that the carbon 
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was present only in sucrose which is completely oxidizable to carbon dioxide and water. A slight 
increase in oxidizable nitrogen (equivalent to some 0:02 ton U.O.D./day) was found but, owing 
to the variability of the results, this mean increase was not thought to be significant and has been 
neglected. The differences in carbon content between the intake water and effluent were very 
much greater than would be expected from the corresponding changes in B.O.D. 

The total flow through one of the other refineries was so great that no significant difference 
in the quality of intake water and effluent could be found; the effects of suspended solids entering 
in the water taken from the Thames (used for cooling purposes) made interpretation of the results 
more difficult. However, figures for the average sucrose content of the effluent, determined every 
4h over the previous 12 months, were provided by the firm concerned and the average polluting 
load has been calculated on the basis of these figures. Despite the high U,/B ratio found for the 
first refinery mentioned above, it has been thought best to assume a ratio of 1-45 for the other 
works, and this ratio has been used in estimating the B.O.D. load for the refinery which provided 
sucrose figures, and the U, load for the others (for which a few B.O.D. figures are available). 


GAS WORKS 


The water used at Beckton Gas Works comes partly from the Thames and partly from the 
Metropolitan Water Board supply, and the quantity taken from each source is metered. Large 
evaporative losses occur in the works, and the rates of discharge from the two outfalls to the estuary 
are known only approximately. The net polluting loads, in terms of B.O.D. and ammonia added 
to the estuary during 1950-53, have been estimated from detailed figures (supplied by the North 
Thames Gas Board) for the composition of the water abstracted from the estuary and of that 
returned to it. In the absence of other information, both the U,, and E, loads have been assumed 
to be 1-45 times the B.O.D. load (from Equation 40, p. 227). The load due to organic nitrogen 
has been estimated from the ratio of the organic to ammoniacal nitrogen found in composite samples 
taken by the Laboratory on 12th October 1960; although the composition of the effluents has 
changed substantially since the period to which Table 86 refers, three alternative methods of 
calculating this load gave similar results. 

Before 1957, part of the effluent from the process works at Beckton entered the L.C.C. sewers, 
but since that year the whole of this strong effluent has been discharged to the sewers. Re-use of 
water at the gas works has further reduced the load discharged to the estuary, and the overall 
reduction has been so great that the estimated loads for 1960-62 are only about a seventh of those 
for 1950-53. 

In 1950-53 the water usage at East Greenwich Gas and Associated Works was more complex 
than that at Beckton in that there were a number of outfalls discharging effluents of different 
composition at uncertain rates to the estuary. The net additions of B.O.D. and ammonia have been 
calculated from estimates of the rates of discharge and from the results of analyses of 13 samples 
taken by the P.L.A. during that period, supplemented by samples taken by the Laboratory during 
a visit in 1953, and a few figures supplied by the South-Eastern Gas Board. The other constituents 
of the polluting load have been estimated by the same methods as outlined for the effluents from 
Beckton Gas Works. By the end of 1960 the discharge of polluting matter had been substantially 
reduced; this was achieved by diversion of some of the effluents to the sewers, by re-use of water, 
and by changes made during rebuilding of part of the works. 


PAPER AND BOARD MILLS 


All the paper and board mills listed in ‘Table 48 (p. 91) were visited by the Laboratory in 1952, 
and the B.O.D. loads shown there were estimated from the results of analyses of samples taken 
during the visits, and from figures supplied by the P.L.A. and the firms concerned. Three of the 
mills were re-visited in September 1960 and composite samples of efHuent were studied in long-term 
oxygen-absorption experiments carried out in respirometers, in B.O.D. bottles, and in 10-I. aspirators. 
The ratios of the values of U, and U (and its ammoniacal and organic components) to the B.O.D. 
for these samples were used in calculating the 1950-53 load in terms. of these factors, taking the 
relevant ratios for the three individual mills and the average of all three for the other mills. The 
effective loads, and the rates of oxidation, have been derived from the results of the long-term 
oxidation experiments. 


POWER STATIONS 


The polluting loads discharged in flue-gas washings from Battersea and Bankside Power 
Stations (discussed on pp. 90-92), although included in the total loads for each of these stations, 
are not shown under the headings for the components of the U.O.D. or effective load in Table 86 
since the oxidation involves neither carbon nor nitrogen. The sulphite will be completely oxidized 
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well within 5 days, so that the B.O.D., U.O.D., and effective loads are identical. In later chapters 
the sulphite is assumed to be oxidized immediately on entering the estuary; the loads shown in 
Table 86 are thus at least as detrimental as would be the same loads due to any other discharge 
at the same point, and there is no question of there being any unoxidizable residue or loss by 
deposition. 


OTHER INDUSTRIAL CONCERNS 


Assessment of the loads discharged from the remaining industrial concerns has been made by 
basically the same methods as described in the paragraphs preceding that on power stations; 
use has been made, as before, of analytical results of samples taken by the Laboratory and of figures 
supplied by the P.L.A. and by the firms themselves. By the time that long-term oxidation 
experiments were being carried out on industrial effluents the most important of these sources (116) 
had ceased to operate. Consequently, it has been necessary to estimate the course of oxidation 
from the B.O.D. and U.O.D. figures, taken in conjunction with a knowledge of the type of effluent 
and the results of other long-term experiments. 


FRESH-WATER DISCHARGES 


The analytical results obtained for the Upper Thames, and for the tributaries entering the 
estuary, were given in considerable detailin Chapter 3; the course of oxidation of these discharges 
was discussed briefly on p. 223 where it was indicated that the effective oxygen demand may be 
substantially less than the U.O.D. 


UPPER THAMES 


A long-term B.O.D. test was carried out on each of eight samples taken at ‘Teddington Weir 
between 28th November 1958 and 4th March 1959. Bearing in mind that what was required was 
a means of converting B.O.D. figures obtained in past years to terms of the probable uptake of 
oxygen in the estuary by water coming over Teddington Weir, the uptake after a certain number 
of days was found for each of the eight samples and expressed in terms of the value at 5 days. 
The average results of all the experiments are shown by the points plotted in Fig. 150 from which 
it is clear that oxidation was continuing at an appreciable rate for a far longer period than would 
be calculated by means of the standard rate-constants for oxidation of carbon and nitrogen compounds. 

Before deriving the values of EH, and p in Equation 35 (p. 227) which allows for the slower 
oxidation of organic carbon, it was necessary to allow for the oxidation of ammonia which, in these 
experiments, accounted for an average oxygen equivalent of 0-58B, where B is the uptake in 5 days. 
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Fic. 150. Average course of uptake of oxygen by eight samples of Thames water from Teddington, 
; incubated at 20°C in glass bottles 


Figures against plotted points show number of samples analysed when less than eight 
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After making the necessary allowance, the oxygen uptake due to carbonaceous oxidation was 
found to be represented by 


y= 2 . 29Bf1 —_ wes ae beso} (5 2) 


(this is a case where the sentence below Equation 40 on p. 227 applies). It was thus considered 
that only one-seventh of the organic matter contributing to the B.O.D. was oxidized at the 
standard rate found for settled sewage, the remainder being oxidized at a fifth of this rate. 

By adding to Equation 52 the corresponding term for the oxidation of ammonia, the curve 
shown in Fig. 150 was obtained, and this is seen to fit the experimental data for the first 6 months 
with a remarkable degree of accuracy. ‘The course of oxidation beyond 200 days is not fitted by the 
curve; this may be partly due to variations between the different samples of which not all were 
incubated beyond 100 days, but is more likely to be attributable to the presence of substances 
oxidized even more slowly than allowed for by Equation 52; however, the course of oxidation of 
the material from the Upper Thames, more than 6 months after it has entered the estuary, can be 
of little importance. 

A slight simplification was made in deriving the curve shown in Fig. 150 in that the organic 
nitrogen was assumed to be oxidized at the same rate as the organic carbon; whereas on p. 228 it 
was to be assumed that the organic nitrogen was hydrolysed to ammonia at this rate and the ammonia 
formed was oxidized at the standard rate for that constituent. 

It is worth noting that in deriving Equation 52 it was necessary to use the observed data in 
evaluating only the one constant, p (the proportion of the organic matter considered to be oxidized 
with the slower of the two rate-constants); the initial factor of 2:29 of Equation 52 is determined 
by Equation 39 (p. 227) as modified by the sentence following Equation 40. 


TRIBUTARIES 


The B.O.D. and U.O.D. loads for the tributaries have been estimated from the results given 
in Chapter 3, but insufficient experiments have been made on the long-term uptake of oxygen 
by these waters to provide a satisfactory assessment of the EK, loads. 

Two experiments, one continuing for 3 months and the other for a year, using samples from 
the Wandle, gave oxygen-absorption curves of the same type as shown for the Upper Thames in 
Fig. 150. It was concluded from these that the most suitable representation of the course of 
carbonaceous oxidation for this tributary was to put p equal to one-half in Equation 35 (p. 227) 
and hence (from Equation 39) EF, equal to 2-238. 

Taking together all the experiments summarized in Table 79 (p. 223) it was decided that for 
the remaining tributaries the course of oxidation was likely to be represented best with p equal 
to one-third, and hence E, equal to 2-7B. (This led to an anomalous result for the Crane, Ey 
exceeding yi and owing to the considerable uncertainties involved in calculating these Batiste 
they have each been put equal to the mean of the two estimated values.) Details of the estimated 
loads for each tributary, except the Medway, are shown in Table 87. Considering the magnitude 
of these loads it is unfortunate that they are not known with more accuracy; however, the variability 
in both the composition and the flow of each tributary would require a far more extensive programme 
of sampling than is reported in Chapter 3, together with a large number of long-term oxidation 
experiments. The corresponding totals for 1960-62 are estimated to have been 281 tons/day in 
terms of U.O.D. and 148 tons/day in terms of the effective demand. 

The polluting load discharged from the Medway cannot be assessed from the data given on p. 59, 
since the period of retention in the Medway Estuary is unknown. However, if it is assumed that 
the polluting matter entering the Medway Estuary is retained in it for an average period of 10 days, 
the effective load is estimated to be of the order of 10 tons/day. Even if the true figure were 
considerably larger, the effect on the condition of the Thames Estuary would be almost negligible— 
application of Tables 184-189 (pp. 541-552) indicates that an effective load of 10 tons/day discharged 
from the Medway would nowhere reduce the oxygen content of the Thames by as much as 1 per cent 
saturation once the waters from the two estuaries had become thoroughly mixed. 


OTHER SOURCES OF POLLUTION 


The various sources of pollution examined above are believed to include all those discharges 
entering the estuary through pipes or channels and adding appreciable pollution to it. ‘There are, 
however, other sources whose effects are, for the most part, incalculable. Oxidizable material 
enters the estuary from shipping, from the banks of the estuary, from the air above it, and from the 
sea. While it is clearly impossible to make any accurate assessment of the quantities involved, 
it seems worthwhile to examine these sources of pollution and to suggest, in some cases, the possible 
order of magnitude of their effects. 


(86724) S 
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Table 87. Estimated polluting loads (tons/day) entering estuary from all major 
fresh-water discharges, except River Medway, in 1950-53 















































U.O.D. load in terms of Effective load 
River oe Nitrogenous 
Ug Un U Carbonaceous | ————— ra, 
Ammoniacal | Organic 
Upper Thames 16:7 96:7 | 43-2 | 139-9 38-2 23°5 7°8 69°5 
Crane 0-4 0-9 0-6 125 0-9 0:4 0:2 1-5 
Duke of Northumberland’s 0:3 1-2 0:4 1-6 0:8 0:2 0-1 a A 
Brent 0-4 2°9 0:7 3-6 ileal 0:3 0:2 1-6 
Beverley Brook 0-9 6-4 3:33 9-7 2:4 2:5 0-3 5-2 
Wandle 3-4 15205) 9.1376) 28 6 7:6 10:9 1-4 19-9 
Ravensbourne 0-6 2°8 3-0 5-8 1-6 2:6 0-2 4-4 
Lee 2:3 10:4 | 10-4] 20-8 6:2 7:8 1S 15<5 
Roding 0:6 3-0 ihog/ 4-7 1-6 1-1 0:3 3-0 
Beam 1:4 53 4:8 10:1 3-8 3°7 0:8 8-3 
Ingrebourne 0-4 2:6 0:8 3-4 heal 0:3 0-2 1-6 
Cray and Darent 0:3 2a 0-2 2:3 0:8 0 0-1 0:9 
Mardyke 0-1 0:6 0-2 0:8 0:3 0-1 0-1 0:5 
Totals 28 150 83 233 66 54 13 133 
SHIPPING 


The majority of the polluting matter entering from shipping is likely to arise from spillage 
during the loading and unloading of vessels at wharves and jetties, but there are also, no doubt, 
some direct discharges from vessels in the estuary. The figures given below for quantities of material 
transported have been supplied by the P.L.A. and refer to 1959-1960. The figures suggested for 
quantities lost are the results of observations and guesswork by the P.L.A. and the Laboratory; 
they may be seriously in error, but it is thought that they are of the right order of magnitude. 


Household refuse 


About a million tons of household refuse is yearly transported on the estuary from wharves 
in the London area to dumping grounds (mainly in Essex). There are, at times, considerable losses 
of refuse during loading, transport, and unloading of this material. If the total weight lost to the 
estuary were 1 per*cent of that transported, this would amount to over 25 tons/day. No attempt has 
been made to determine the extent to which this material might be oxidized in the estuary. 


Sugar 


Raw sugar is transferred by grabs from barges to wharves at the sugar refineries listed in 
Table 86 (p. 238). The average quantity transferred daily is about 3000 tons. If 0-01 per cent 
(34 0z/ton) of this were lost to the estuary it would represent a daily polluting load, in terms of the 
oxygen required to oxidize it, of a third of a ton. One of the firms concerned estimated the average 
loss to be only 0-001 per cent, a figure which from observation (particularly under wet or windy 
conditions) would appear to be too low. 


Coal dust 


The average quantity of coal daily unshipped from the estuary (mainly, but by no means 
exclusively, for use at power stations) is over 35 000 tons. An appreciable quantity of this material, 
chiefly as dust or small particles, is spilt or blown into the estuary. No estimate has been made 
of the quantities lost in this way, but if 0-05 per cent (1 lb/ton) entered the estuary this would be 
equivalent to some 35 tons U.O.D./day. Although it is reasonable to suppose that no significant 
amount of this material will be oxidized biochemically in the estuary, this addition of U.O.D. 
will affect the oxygen-balance calculations in Chapter 12. 


Direct discharges 


The direct discharge of material from shipping within the estuary is forbidden. It is estimated 
that the average number of persons afloat at any time is 5-10 thousand; if all the sewage from this 
population were discharged to the estuary, it would be equivalent to a U.O.D. load of about 
1 ton/day. While this would,be a small quantity in comparison with the larger discharges of sewage 
effluent, the polluting load would be larger than those from many existing industrial discharges. 


ASSESSMENT OF POLLUTING LOADS 243 
ADVENTITIOUS MATERIAL 


There must be a considerable quantity of oxidizable material carried into the estuary from its 
banks under the action of wind, and possibly a greater quantity entering from minor discharges 
of surface water; no account has been taken of these effects, nor can any reasonable estimate be 
made. A substantial amount of cement dust is also blown into the estuary but this is unlikely to 
affect either the theoretical or effective polluting load. 


Atmospheric pollution 


Some solid matter enters the estuary as a result of deposition from the polluted atmosphere. 
The average rates of deposition at about 50 points in the vicinity of the estuary have been found 
from a report? of the Atmospheric Pollution Research Committee of the Department’s Fuel 
Research Board. It is estimated that the average rate of settlement of combustible matter on to 
the Thames from Teddington to Gravesend during recent years has been 2-8 tons/day. The total 
down to Southend would probably not be more than 5 tons daily. The capacity of this material 
for taking up oxygen in the estuary is unknown, but since the total weight of material is small 
it is clear that its oxygen demand need not be known with any great accuracy. If the ultimate oxygen 
requirement were half of the weight of combustible material—and it seems unlikely that it would 
be much higher—the load would amount to about 24 tons/day for the whole estuary. 

In addition to the solid matter, the estuary will also absorb sulphur dioxide from the atmosphere. 
From figures available? for the uptake by lead peroxide at certain points it is estimated that not 
more than 2 tons of oxygen would be required daily to oxidize the sulphur dioxide from the air. 

The ultimate requirement of oxygen to oxidize completely the gaseous and deposited matter 
entering the estuary from the atmosphere may thus be about 4 tons/day. 


THE SEA 


From a study of the quantities of solid matter entering and leaving the estuary it is believed 
that, on average, roughly 750 tons of solid matter daily enters from the sea. The estimation of this 
figure is considered in detail on pp. 316-322. 

The composition of the material is unknown, and different methods of estimating its capacity 
to take up oxygen give very different results. For instance, suppose that the incoming solids have 
the same average composition as the suspended matter in the 120 samples of estuary water taken 
off Southend on the flood tide of 13th April 1955, the results of the analysis of which are 
summarized in Table 131 (p. 324). Their mean ultimate oxygen demand, as judged by the contents 
of organic carbon and nitrogen, and calculated in the same way as for the material removed in 
dredging (see p. 327), was 18 per cent of the dry weight of suspended matter. This leads to a figure 
of 136 tons/day for the ultimate oxygen requirement of the solids entering from the sea. The 
suspended matter in the 120 samples probably contained an appreciable amount of phytoplankton, 
but the incoming solids are likely to consist mainly of denser particles, transported by a net landward 
drift near the bed of the estuary’; it is therefore unlikely that the average effect of the solids entering 
the estuary is anything like as great as this figure. 

An entirely different approach is that of suggesting that the source of the incoming material 
is the solid matter deposited in Black Deep, 30 miles beyond Southend. Even if a quarter of the 
dredging spoil and sewage sludge dumped there in 1950-53 had returned to the estuary, its ultimate 
oxygen requirement would have been less than 100 tons/day. That a proportion of this dumped 
material does find its way back into the estuary is quite possible®, but it is difficult to believe that 
it would not have been largely oxidized by the time it had reached Southend. Consequently it 
seems improbable that the ultimate oxygen requirement of the incoming material would even 
approach 100 tons/day. 

A more reasonable figure is likely to be obtained by considering the solid matter entering from 
outside the estuary to have the same composition as the bottom deposits seaward of Southend. 
The average contents of organic carbon and oxidizable nitrogen in the 77 samples taken from 
Southend to the P.L.A. limit (see Table 106, pp. 290-291, and Fig. 178, p. 293), were 0-48 and 
0-036 per cent respectively of the dry weight. The ultimate oxygen demand (again calculated as 
on p. 327) is then 1-6 per cent of the dry weight, or, for all the incoming material, 12 tons/day. 
This figure might be too low if some material deposited in Black Deep returned to the estuary. 

It must also be pointed out that the estimated net entry of about 750 tons of solids per day is 
the difference between the landward drift of solids (assumed to be mainly inorganic) and the 
seaward displacement from the estuary of solids which may contain an appreciable amount of 
organic residues from the sewage and other effluents discharged to the estuary. Consequently, it is 
by no means impossible that even if the net rate of gain of solid matter from the sea is 750 tons per 
day, there may be a net loss of oxidizable suspended matter to the sea. It is ay impossible 
on the available data even to guess at the required figure. 
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TOTAL POLLUTING LOAD 


The polluting loads entering the estuary from the known sources from Teddington to 32 miles 
below London Bridge are summarized in Table 88 where it is seen that the total effective load is 
estimated to have represented 82 per cent of the total U.O.D. load in 1950-53 and 75 per cent 
in 1960-62. The discharges from points further seaward have been omitted because of uncertainties 
in the magnitudes of the loads from some of the industrial sources (see p. 90) and from the River 
Medway (p. 241). 

In Fig. 151 is shown each of the discharges which enters the estuary between Teddington and 
32 miles below London Bridge, and which, it is estimated, added pollution to the estuary in the 
third quarters of 1950-53 or 1960-62 in such quantities that more than 10 tons oxygen per day 
would be required to oxidize that part of the effective load attributable to organic carbon. The 
height of each rectangle in the lower part of the diagram is proportional to the estimated load. 
It is seen that the E, load from the Upper Thames was of the same order as that from Mogden 
Sewage Works in the earlier period; it must be observed, however, that the Upper Thames 
receives the sewage effluent from a population rather more than twice that served by Mogden, 
and although self-purification in the river will have removed much of the initial load before the 
effluents reach Teddington Weir, the Upper Thames is also polluted from the effects of land 
drainage. ‘The maximum oxygen depletion of the estuary water, attributable to the Upper Thames, 
is calculated to be substantially less than that attributable to the Mogden effluent, since oxidation 
proceeds in the water from the upper river much more slowly than in the sewage effluent (see also 
Hig. 279 spe 10): 
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Fic. 151. Map of Thames Estuary showing sources of pollution with an estimated effective carbonaceous 
load greater than 10 tons/day in summers of either 1950-53 or 1960-62 


Figures are distances in miles from London Bridge 


It is of interest to consider the changes that have taken place in these discharges since 1950, 
or which are at present (late 1963) proposed. Starting from the head of the estuary: the quality of 
the Upper Thames has not changed substantially (the increased load between the two periods 
referred to in Fig. 151 is due almost entirely to the high summer flows in the latter period); the 
Mogden effluent deteriorated, and (although the works have been extended) surplus activated sludge 
is being discharged; the flow of the Acton sewage has probably increased, but approval has been 
given for its eventual diversion to Mogden; the new sedimentation and aeration plants have come 
into full operation at the Northern Outfall Works and further extensions are under consideration; 
the new works at Southern Outfall were completed in 1963; Discharge 116 has ceased; the load 
from Dagenham Sewage Works has more than doubled but approval has now been given for large 


extensions to the works; the West Kent Sewage Works have already been extended and completely 
new works are being designed. 
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246 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 
A SIMPLE MEASURE OF POLLUTING LOAD 


The expression given for the effective oxygen demand by Equation 42 (p. 228) is rather 
complicated. For the majority of the discharges examined, the effective oxygen demand, £, is given 
approximately by E*: 

E* = 3(B+3N), (53) 
where B is the B.O.D. and N the content of oxidizable nitrogen. When all the carbon is considered to 
be oxidized at the standard rate (pp. 226-227), p becomes zero, and E,—the first term in Equation 
42—becomes 1-45B (from Equation 40); the corresponding term in Equation 53 is 1-5.B. The second 
term (£x) in Equation 42 is roughly equal to 4-57(Namm+Norg) and thus to 4-57N which is almost 
identical with the 4-5N given by Equation 53. 

The polluting loads in terms of E* have been evaluated for all the discharges discussed in the 
present chapter; the totals for the various groups of discharges are shown in the last two columns 
of Table 88 where they are seen to be in fair agreement with the corresponding estimates of the 
total effective load. Although Equation 53 (like Equation 42) is insufficient for use in the calculations 
of dissolved oxygen, and of ammoniacal and oxidized nitrogen, made in Chapters 17 and 18 
(because it takes no account of the proportion, p, of organic matter which requires to be considered 
as oxidizing at the slower rate), this equation provides a simple and convenient measure of the 
amount of oxygen required to oxidize the majority of the polluting discharges that enter the Thames 
Estuary. 
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CHAPTER 10 


Reduction Processes 


In the presence of sufficient dissolved oxygen, the polluting matter entering an estuary undergoes 
oxidation by chemical or bacterial action. Under anaerobic or substantially anaerobic conditions 
some oxygen may be derived from nitrate. When both dissolved oxygen and nitrate are absent, 
oxygen is made available by reduction of sulphate. 

The reduction of nitrate is a subject of great importance in the Thames Estuary: the nitrate 
entering it in solution (or formed in it by oxidation) serves as a reserve of available oxygen and 
thus delays or prevents the reduction of sulphate; nitrate reductign can occur in the presence of 
appreciable concentrations of dissolved oxygen, so that fairly large changes in the polluting loads 
discharged to the estuary may be unaccompanied by detectable changes in the condition of the 
middle reaches as judged by their content of dissolved oxygen. 

Reduction of sulphate does not play as large a part in the oxygen economy of the estuary as 
does reduction of nitrate, though it was the nuisance caused by evolution of the reduction product, 
hydrogen sulphide, which was the reason for the present survey (p. 1). 

It was therefore essential to examine the course of reduction of both nitrate and sulphate, and to 
determine how these processes are affected by the various factors which might be thought to 
influence them. 


REDUCTION OF NITRATE 


Nitrate enters the estuary in the fresh-water discharges and in some sewage and industrial 
effluents; a negligible amount enters from the sea where the concentration! of nitric nitrogen is 
likely to be less than 0-1 p.p.m. A further quantity is formed in the estuary by oxidation of 
ammonia under aerobic conditions. 

The water entering the estuary from the Upper Thames generally contains 4-5 p.p.m. nitric 
nitrogen. The nitrate content of the upper reaches of the estuary is augmented by the oxidation 
of ammonia brought in by the sewage effluents and fresh-water discharges entering these reaches. 
The effluents from Northern and Southern Outfalls do not influence the concentration of nitrate 
near the head of the estuary to any appreciable extent, since only a small proportion of the water 
from the vicinity of these outfalls is carried so far upstream. For example, it may be deduced 
from Table 190 (p. 553) that, even when the flow at Teddington is as low as 170 m.g.d., a steady 
discharge of ammonia or nitrate to the estuary 10 miles below London Bridge (about 14 miles 
upstream of Northern Outfall) could not produce an increase in nitric nitrogen 10 miles above 
London Bridge at half-tide that was more than 24 per cent of the sum of the increases in ammoniacal 
and nitric nitrogen in the vicinity of the point of discharge. 

Nitrate from the upper estuary is displaced seaward by the fresh-water flow and by longitudinal 
mixing, and—under certain conditions—is utilized by bacteria as a source of oxygen for the 
oxidation of organic carbon. If the nitrate is reduced to elementary nitrogen, it is an entirely 
beneficial source of available oxygen; but if it is reduced to ammonia, this will require the same 
amount of oxygen for its re-oxidation (generally at positions further seaward) as was made available 
in its formation. The identification of the reduction product was thus of immediate importance 
in examining the effects of nitrate reduction on the condition of the estuary. 


COURSE OF REDUCTION 


Reports in the literature, summarized by Waksman?, indicate that nitrate may be reduced 
under different conditions to nitrite, oxides of nitrogen, elementary nitrogen, or ammonia; when 
nitrate is reduced to elementary nitrogen by soil bacteria, nitrite is formed as an intermediate 
product? 3. 

Wooldridge and Corbet* found that gaseous nitrogen may be formed in mixtures of sewage and 
activated sludge, and Brandon and Grindley® showed that rising of humus in sewage-treatment 
plants was due to reduction of nitrate and nitrite to gaseous nitrogen. In experiments in which 
settled filter effuent, and also settled sewage with added nitrate, were incubated, Stones® found 
that nitrate was reduced to molecular nitrogen and not to ammonia. Lederer’ considered that 
nitrogen was formed in his nitrate-reduction method for determination of the B.O.D. of sewage 
(some ammonia is formed during incubation of sewage in this test but the quantity is small 
compared with the nitrate reduced and is not necessarily formed from nitrate). - 
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Meiklejohn’, Sacks and Barker®, Marshall and others’, and Allen and van Niel! showed that 
strains of Pseudomonas gave nitrogen as the end-product of the reduction. On the other hand, 
Aubel!2, Woods?8, and McNall and Atkinson™, working with strains of Escherichia coli showed 
that ammonia was the final product of the reduction; it was also produced by Clostridium welch}. 

Most of the evidence supports the view that, when nitrates are reduced in the course of sewage 
treatment, nitrite is first formed and this is then further reduced to molecular nitrogen. It is of 
importance to know whether all the nitrogen produced is derived from oxidized nitrogen—if a 
purely chemical reaction between ammonia and nitrite were to result in the liberation of nitrogen, 
then ammoniacal nitrogen would be lost simultaneously with nitrous nitrogen and this would 
affect the oxygen demand of the residue. The reduction of nitrate and nitrite probably occurs only 
biochemically and not from any simple chemical reaction with ammonia or amino-compounds. 
Wijler and Delwiche using the stable isotope of nitrogen, N-15, showed that when ammonium 
nitrate is reduced the whole of the nitrogen liberated originates from the nitrate ion. The subject of 
denitrification is discussed further by Wheatland, Barrett, and Bruce?®. 

It cannot be assumed that the course of reduction of nitrate in the Thames Estuary is the same 
as that which occurs in sewage-treatment processes, but the distribution of nitrogen compounds 
in the estuary, and the results of laboratory experiments, lead to the conclusion that nitrate is in 
fact reduced mainly to nitrogen. 


Laboratory experiments 


In a laboratory test a sample of estuary water was incubated at 20°C for 44 days while exposed 
to the atmosphere. During this period the total inorganic nitrogen remained nearly constant at 
just over 10 p.p.m. After 34 days all the ammonia had been oxidized to nitrate and the sample 
contained 6-5 p.p.m. dissolved oxygen. On the 44th day, sodium lactate (giving a concentration 
of 100 p.p.m.) was added to provide a nutrient for bacteria which would remove dissolved oxygen. 
This was followed by a slight increase in ammonia, a temporary increase in nitrite, and decreases 
in nitrate and total inorganic nitrogen (Table 89). Before the addition of sodium lactate, little 
organic nitrogen was present (the concentration was 0-04 p.p.m. on the 27th day) and it may be 
assumed that the ammonia formed resulted from the reduction of nitrate. After 52 days the reduction 
of nitrite was virtually complete. From 44 to 52 days the content of nitric nitrogen fell by 3-98 p.p.m. 
and that of ammoniacal nitrogen rose by 0:54 p.p.m.; if the loss of inorganic nitrogen compounds 
was due to formation of molecular nitrogen, this means that one-seventh of the nitrate which 
disappeared had been reduced to ammonia and six-sevenths to molecular nitrogen. 


Table 89. Changes in concentrations (p.p.m.) of nitrogen compounds in a sample 
of estuary water, to which sodium lactate had been added 











Ammoniacal Nitrous Nitric 
(days) 
+4 0 0-007 10-24 10-25 
45 0 0-007 10-29 10-30 
47 0:31 4-00 3-05 7-36 
48 0-52 2:80 2:96 6:28 
50 0-70 — — — 
51 0-66 0:40 5-50 6:56 
52 0-54 0:08 6:26 6°88 
. 0:09 6:39 









In further laboratory experiments, 1 1. of sewage and 500 ml of estuary mud were put into each 
of two 45-1. carboys which were then filled with estuary water taken from near Northern Outfall, 
and left overnight; 2 g of potassium nitrate dissolved in 100 ml of water were then added to each. 
Samples were analysed at intervals and the volumes of gas evolved were measured (Fig. 152). 
Throughout the experiments the contents of the carboys were stirred to keep a small proportion 
of the mud in suspension. The nitrate in the water decreased to virtually zero in about 5 days 
during which period nitrogen gas equivalent to about half of the nitrate reduced was collected. 
After 5 days no significant concentration of nitrate was present in Carboy 2 and evolution of nitrogen 
virtually ceased; it continued, however, in Carboy 1 after an additional quantity of nitrate had been 
added. ‘The ammonia content of the water increased slowly, and in Carboy 2 continued to increase 
at about the same rate when all the nitrate had been reduced. The ammonia therefore was not 
necessarily formed by reduction of nitrate. A sample of gas from Carboy 2 contained 98 per cent 


nitrogen, 1-1 per cent/carbon dioxide, and 0-85 per cent oxygen; no nitrous oxide could be — 


detected. When allowance is made for the quantity of nitrogen that would have remained in solution, 
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the volume of the gas evolved is much more nearly equivalent to the nitrate reduced. Oxidation- 
reduction potentials in the water during these experiments were in the region of + 130 to —200 mV*, 
indicating that conditions were anaerobic (see p. 183). While nitrate was still present in the water, 
potentials were generally above zero on the hydrogen scale. 

It was concluded from these experiments, that when nitrate is reduced in the estuary it is 
mainly to molecular nitrogen according to the reaction 


ZHNO,; > N, + H,O + 50. (54) 


The nitrogen is lost from the system and takes no further part in oxidation-reduction processes. 
It is on this basis that the calculations reported in Chapters 17 and 18 have been made. 
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EFFECT OF DISSOLVED-OXYGEN CONCENTRATION 


In order to make allowance for reduction of nitrate in the estuary, knowledge was required 
of the conditions under which denitrification would occur and, in particular, of the effects of 
dissolved-oxygen concentration and temperature. 

It is generally considered that although nitrate can act as an alternative to oxygen in the 
respiration processes of certain bacteria, oxygen is preferentially used. The work of several 
authors® 1” 18 indicates that there is a lag phase before bacteria grown in the presence of dissolved 
oxygen can utilize nitrate but that no lag occurs before oxygen can be used by cells grown in 
anaerobic conditions. In support of this, Watson and Twine!® found that nitrate was not reduced 
in sewage effluents until dissolved oxygen was absent (similar conclusions have been reached 
from experiments at the Laboratory); they also showed that, once denitrification had begun, 
nitrate would continue to be reduced when as much as 5 p.p.m. dissolved oxygen was present, 
but it appears, from their paper that the reduction was only to nitrite. This would agree with the 
observations of Sacks and Barker? that traces of dissolved oxygen had a greater effect on the reduction 
of nitrite to nitrogen than on the reduction of nitrate to nitrite. Several workers have shown that 
traces of dissolved oxygen have a large effect on denitrification, although denitrification does not 
necessarily cease when traces of dissolved oxygen are present. Sacks°, for example, found that in a 
solution in equilibrium with an atmosphere containing 4 per cent oxygen, the rate of denitrification 
was 50 per cent of that occurring in anaerobic conditions. Qualitatively similar results have been 
obtained by other workers?+ ©, On the other hand, Korsakova* has reported that dissolved oxygen 
does not inhibit denitrification except when the supply of organic nutrient is limiting, and generally 
similar views have been expressed by Fedorov and Sergeeva”*. 

In view of the conflicting reports in the literature and the fact that most of the experimental 
work reported had been carried out with substrates other than sewage or sewage effluents, the 
effects of dissolved oxygen and temperature on denitrification were investigated. Batch and 
continuous-flow experiments were carried out. 


* Oxidation-reduction potentials are reported as the potentials measured against a standard hydrogen electrode (p. 573). 
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Batch experiments 

Nitrogen containing a known proportion of air was passed through a mixture containing 
80 per cent, by volume, of standard B.O.D. dilution water and 20 per cent of settled Stevenage 
sewage, and potassium nitrate equivalent to 40 p.p.m. nitrogen. The salinity was typical of the 
upper reaches of the estuary where some denitrification occurs. After sufficient time for equilibrium 
to be reached, an inoculum of denitrifying bacteria (derived from activated sludge) was added. 
The nitrate, nitrite, and ammoniacal nitrogen remaining in each vessel and the concentration of 
dissolved oxygen in the aerobic culture were determined daily. Experiments were made at 25°C 
with air-nitrogen mixtures nominally containing 5, 10, 15, 30, and 50 per cent air, and at 18° and 
12°C with mixtures containing 5, 20, 24 per cent air and 5, 15, 25 per cent air, respectively. 
Anaerobic control experiments were made at each temperature. The results are summarized in 
Fig. 153 which shows the nitrate reduced in 48 h in the aerobic cultures expressed as a percentage 
of that occurring in the controls. There appeared to be no significant effect of temperature when 
the reduction in the rate of denitrification was plotted against concentrations of dissolved oxygen 
as p.p.m.; when plotted against percentage saturation, however, because of the changing solubility 
of oxygen, decrease in temperature appeared to increase the inhibitory effect of dissolved oxygen. 


Continuous-flow experiments 


In the continuous-flow experiments, diluted settled sewage containing added nitrate was passed 
continuously through a culture vessel kept at 25°C (Fig. 154). In two experiments, using different 
proportions of sewage, nitrogen was bubbled through the system until denitrification was occurring 
and then an increasing proportion of air was introduced in stages to maintain increasing concen- 
trations of dissolved oxygen in solution. In a third experiment, aerobic conditions were maintained 
at the start and the concentration of dissolved oxygen was then lowered in stages until denitrification 
began. In the second and third experiments, the ammonia-absorption column shown in the upper ~ 
right-hand quarter of Fig. 154 was fitted so that ammonia swept out in the gas stream could be 
absorbed and estimated. 
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In the first experiment, settled Stevenage sewage (stored for one day to allow any urea to 
hydrolyse) was diluted with tap water to give a solution with a 3-min permanganate value of 10 p.p.m. 
At 10-min intervals, 30 ml of the diluted sewage and 5 ml of a solution of potassium nitrate 
containing 70 p.p.m. nitric nitrogen were introduced into the culture vessel, where the mixture 
was retained for an average of 24 h while a stream of nitrogen, or a mixture of air and nitrogen, 
was bubbled through it at a rate of 3 1./min. 

Analyses were made of the contents of ammoniacal, nitrous, oxidized, and organic nitrogen, 
and of organic carbon in the dilute sewage entering and leaving the vessel, and samples for estimation 
of dissolved oxygen were taken from the culture vessel by means of a siphon. Average results of 
analysis are shown in Table 90—values for nitrous nitrogen are not shown. 

The first experiment continued for 40 days, during which time the average concentration of 
dissolved oxygen in the culture vessel was increased to 0-8 p.p.m. (Table 90). Under anaerobic 
conditions about 73 per cent of the nitrate was reduced; introduction of as little as 0-12 p.p.m. 
dissolved oxygen caused the quantity of nitrate apparently reduced to nitrogen to fall to about 
a third of its former value. Some denitrification occurred at oxygen levels up to 0-45 p.p.m. 
(5-5 per cent saturation). At 0-53 p.p.m. (6:2 per cent saturation) there was a loss of nitrate but 
this was no greater than the amount of nitrite formed; reduction to nitrogen had therefore probably 
ceased. When 0-8 p.p.m. dissolved oxygen was present, nitrification occurred. 

In the second experiment, using diluted sewage with a 3-min permanganate value of 15 p.p.m., 
the concentration of dissolved oxygen in the culture vessel was increased over a period of 43 days 
to 1:0 p.p.m. During the first 7 days no dissolved oxygen was present, almost all the nitrate was 
removed, and no nitrite was present in the effluent. With increasing concentration of dissolved 
oxygen, the decrease in the total concentration of oxidized nitrogen became less until, with 
0-85—1-0 p.p.m. oxygen present, there was evidence of nitrification; at the same time, however, 
it seems that some nitrate was being reduced to nitrite. 

Values given in Table 90 for the ammonia lost from the culture vessel and that recovered in 
the acid trap in the second experiment are not strictly comparable because of the varying 
concentration of ammonia in the sewage feed and the relatively long period of retention in the 
apparatus. However, for the period up to 33 days (after which nitrification increased the loss) 
the average values for the loss of ammonia from the culture vessel and recovery in the acid trap 
were 146 and*148 mg respectively—showing clearly that the observed loss could be accounted 
for by ammonia displaced in the gas stream. Taking account of this loss, and the quantity of 
ammoniacal and organic nitrogen remaining in the culture vessel at the end of the experiment, 
there was still a net loss of ammoniacal and organic nitrogen equivalent to a concentration of 
3-7 p.p.m. in the culture solution. It must therefore be assumed that some part of the ammoniacal 
plus organic nitrogen entering the system was lost as nitrogen gas. The possibility of oxides 
of nitrogen being formed, however, cannot entirely be ruled out. 

Conditions in the third experiment were the same as in the second—except that dissolved 
oxygen was present in solution from the beginning and its concentration was lowered in stages 
until denitrification occurred, after which the oxygen concentration was raised again and, as far as 
the analyses show, conditions in the culture vessel were never completely anaerobic. Denitrification did 
not start until the concentration of dissolved oxygen had been reduced to 0-2 p.p.m. However, 
when denitrification was actively occurring and the concentration of dissolved oxygen was raised 
to as much as 0-75 p.p.m., denitrification continued, though more slowly (as in the second 
experiment). 

In agreement with the results obtained by other workers, the laboratory experiments clearly 
indicate that denitrification, once it has begun, may continue in water containing low concentrations 
of dissolved oxygen, and that denitrification may start under suitable conditions before all traces 
of dissolved oxygen are absent. Reports in the literature suggest that the effect of dissolved oxygen 
depends both on its concentration and on the availability of organic matter as a nutrient for the 
denitrifying bacteria. The small concentration effect, evident from the two continuous-flow 
experiments in which different dilutions of sewage were used, tends to support this view. However, 
as the experiments described were made with water of low salinity and using settled sewage as the 
source of organic matter, the conditions were generally similar to those where denitrification 
occurs in the upper reaches of the estuary and it therefore seems reasonable to assume that nitrate 
would be reduced in the presence of low concentrations of dissolved oxygen. This is borne out by 
observations of the nitrate and oxygen contents of the estuary water, but detailed interpretation 
is complicated by the mixing of water in the estuary. Fig. 155 shows the concentration of nitrate 
and dissolved oxygen in the estuary on various occasions during 1953-54. Generally it seems that 
nitrate was being reduced at a high rate before dissolved oxygen was absent from the water and 
that the decrease in nitrate was not due solely to mixing of water between the anaerobic and 
aerobic reaches. 
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Table 90. Average results of analysis of sewage mixture entering and leaving a continuous-flow vessel and of oxygen present in solution 
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Fic. 155. Dissolved oxygen and nitrate concentration in estuary upstream of anaerobic reach at (a) spring 
and (b) neap tides on certain days in 1953-54 


DISSOLVED OXYGEN AND NITRIC NITROGEN (p.p.m.) 


EFFECT OF TEMPERATURE 


The effect of temperature on denitrification was studied in a batch experiment. Settled Stevenage 
sewage was diluted to a fifth of its normal strength with standard B.O.D. dilution water, and a 
known quantity of potassium nitrate was added. Quantities of the mixture were incubated at 
temperatures of 5°, 12°, 18°, and 25°C in closed vessels and were kept mixed, and swept free of air, 
by a continuous stream of nitrogen gas. When conditions were anaerobic, an inoculum of denitrifying 
bacteria, derived from activated sludge as in the batch-culture tests, was added to each and the 
changes in concentration of nitrogen compounds were studied (‘Table 91). The nitrate remaining 
after various times is shown in Fig. 156. The rate of denitrification decreased with decreasing 
temperature; some denitrification occurred at 5°C but the rate was very low and in nearly 3 days 
amounted to only about a third of that occurring in less than 1 day at 25°C. It is evident that the 
rate of denitrification, in common with that of most bacterial processes, decreases with temperature 
but does not become zero at low temperatures. Inspection of the curves indicates that the rate is 
roughly halved by a decrease of 10 degC and, for the range of temperature likely in British rivers, 


50 


(p.p.m.) 


NITRIC NITROGEN 


0 (Okeac 20s, Seki 4 Oem G Omar 
PERIOD OF INCUBATION (h) 


Fic. 156. Concentration of nitrate in diluted settled sewage 
inoculated with denitrifying bacteria and incubated at different 
temperatures for 68 days under anaerobic conditions 


Temperature (°C) shown against each curve 
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it would be reasonable to assume a temperature coefficient similar to that used for carbonaceous 
oxidation (p. 214). In calculations in Chapters 17 and 18 it has been assumed that nitrate is reduced 
at a rate sufficient to meet the excess carbonaceous oxygen demand in the water. This assumes, 
in turn, that the temperature coefficients of denitrification and of carbonaceous oxidation are the same. 


Table 91. Variation with time, of concentrations (p.p.m.) of ammoniacal, nitrous, and nitric nitrogen 
remaining in diluted sewage under anaerobic conditions at different temperatures (°C) 
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RATE OF REDUCTION 


The conclusion that the rate of denitrification decreases with decrease of temperature, becoming 
approximately halved by a decrease of 10 degC, is supported by the results of Watson and ‘Twine’® 
who showed, for example, that in a mixture of sewage and sewage effluent, 11 p.p.m. nitric nitrogen 
were reduced in 11 h at 18-3°C, whereas 23 h were required at 7:2°C. The temperature coefficient 
calculated from these values (6-6 per cent per degC) is similar to that found for the oxidation of — 
organic polluting matter in the estuary (p. 214). Determination of the absolute rate at which nitrate 
is reduced in the estuary is much more difficult. Obviously the rate of reduction must depend on 
the concentration of organic matter undergoing oxidation, the demand for oxygen, the level of 
dissolved oxygen, and the temperature, but it is uncertain whether these are the only factors of 
importance. However, if nitrate is considered to be solely a reserve of oxygen drawn upon when 
the supply of dissolved oxygen is insufficient, one might reasonably expect nitrate to be reduced 
at a rate similar to that at which dissolved oxygen would be used. Lederer’? has shown that 
measurement of the oxygen demand of sewage by his nitrate-reduction technique gives almost 
the same results as measurement by the standard excess-oxygen dilution technique when about 
half the dissolved oxygen initially present is used up. When less oxygen is used, the dissolved-oxygen 
method gives higher values than the nitrate-reduction technique. 

It is assumed in the calculations discussed in Chapters 17 and 18 that nitrate is reduced at a 
rate equal to the difference between the rate of demand for oxygen which would exist if carbonaceous 
oxidation were unaffected by the level of dissolved oxygen and the rate at which that demand is 
satisfied by oxygen entering the estuary through the water surface or in other ways. It is assumed 
that no denitrification occurs when the dissolved-oxygen content exceeds 5 per cent saturation. 


Denitrification in mud deposits 


Various studies have shown or suggested that denitrification may occur in mud deposits in 
polluted waters. Lind?4, in 1940, showed a loss of nitrate in pond mud; experiments by the 
Laboratory”> have shown substantial rates of reduction in a polluted river containing relatively 
high concentrations of dissolved oxygen, and field studies have indicated losses of inorganic 
nitrogen in a polluted canal, a river, and an estuary, which could not be reasonably accounted for by 
conversion of inorganic to organic nitrogen. 

A series of experiments using Thames mud was made early in 1962 to determine the order 
of magnitude of the probable effects of mud deposits on the distribution of oxidized nitrogen 
in the estuary. Samples of mud were taken from the foreshore off Northern Outfall and Tilbury, 
and portions of these deposits were transferred to 5-l. beakers to give a depth of about 5 cm. 
Each beaker was then topped up with a mixture of fresh water and Southend sea water to give a 
salinity of 15-6 g/1000 g; potassium nitrate was added to give initial concentrations of from 
7 to 16 p.p.m. nitric nitrogen. The temperature was maintained at 10°C and the water was kept 
aerated by bubbling air through it. During the experiments, each of which lasted for over a month, 
the oxygen content was maintained within about 1 p.p.m. of the saturation value.. The changes 
in the concentration of nitric nitrogen in the supernatant water are shown in Fig. 157. The average 
rates of loss of nitric nitrogen, expressed as p.p.m./day, are shown above each of the four curves 
in the diagram. If these rates are expressed as the average percentages of the initial concentration 


lost per day, they give values of 1-8 and 1-9 for the upper and lower curves respectively in (a), 
and 2-1 and 2-2 for those in (b). 
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NITRIC NITROGEN (p.p.m.) 





TIME (days) 


Fic. 157. Loss of nitrate from aerated water at 10°C (in 5-1. beakers) standing over 
mud taken from foreshore off (a) Northern Outfall and (b) Tilbury early in 1962 


Salinity, 15:6 g/1000 g 
Average rate of loss of nitric nitrogen (p.p.m./day) shown above each curve 


Additional experiments with mud dredged from Albert Dock Basin were carried out at 6°, 
10°, and 20°C over a period of 85 days; the resulting curves were very irregular but by taking the 
initial and final values it was found that the average rates of loss of nitrate were 1-3, 2-0, and 
2-9 per cent per day at these three temperatures. It may be noted that the experiments at 10°C 
gave the same value as the average of the four experiments made at the same temperature with 
mud from the foreshore at Northern Outfall and Tilbury. 

These laboratory experiments show that reduction does occur in Thames mud. Nevertheless, 
although the rate of 2 per cent per day seems at first sight to be substantial, it must be noted that 
the depth of the water used in the experiments was only 15-20 cm. With the depth of water found 
in the mud reaches, the same rate of reduction of nitrate in the mud would give a rate of loss of 
nitrate from the water of about 0-04 per cent per day. However, the rate in the estuary is likely 
to be considerably greater owing to the fact that the water will come into contact with a greater 
weight of solids per unit projected area than in the laboratory experiments: in some parts of the 
estuary there is, no doubt, erosion and deposition during each tidal cycle, there is sometimes a layer 
of ‘liquid mud’ several feet thick around low water, and it seems quite possible that a significant 
amount of reduction could take place within the larger suspended solid particles. Consequently, 
the rate in the Thames is likely to be considerably greater than 0-04 per cent per day. The need 
for a term to allow for loss of nitrate—by reduction in mud or by other unknown causes—is 


discussed on p. 503. 


REDUCTION OF SULPHATE 


The chief cause for complaint about the condition of the Thames Estuary, particularly during 
the summer months, has been the presence of sulphide in the water and of hydrogen sulphide 
in the air. It was therefore of first importance to decide how (and under what conditions) the 
sulphide in the estuary was formed, and how its formation could be prevented. 


SOURCE OF SULPHIDE 


Many bacteria are capable of producing hydrogen sulphide by decomposition of amino acids, 
peptides, and proteins which contain sulphur, while a few are able to form sulphide by reduction 
of sulphate. Zelinsky”® described a motile bacillus (Bactertum hydrosulphureum ponticum) which was 
isolated from mud in the Black Sea and able to reduce sulphate to sulphide in anaerobic conditions. 
Beijerinck?’ identified another organism (Spirillum desulphuricans) able to reduce sulphates, and 
van Delden®’ described a new form which he named Microspira aestuarii. 'These various organisms 
have now been grouped”? into the single genus Desulphovibrio. It has also been reported*®*! that 
certain yeasts are able to reduce sulphates. At the start of the Laboratory’s survey it was not known 
whether sulphide in the Thames Estuary was formed from organic compounds containing sulphur 
or by bacterial reduction of sulphates present in the water. 

Kriss?? found. that in mud from the Black Sea the numbers of sulphate-reducing bacteria did 
not exceed those forming hydrogen sulphide from protein material. He concluded that, in the mud, 
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hydrogen sulphide arose as much from the decomposition of protein as from reduction of sulphate. 
This conclusion, however, is not entirely justified: no data were given for the quantity of protein 
in the mud, nor is there any evidence that organisms capable of releasing hydrogen sulphide from 
artificial media in which amino acids are the only source of sulphur available, necessarily do so 
in mud. 

Both types of bacteria which can produce sulphide are present in samples of mud from the 
Thames Estuary (‘Table 92). Numbers of sulphate-reducing bacteria were shown to be greatest 
in the surface layers of mud (p. 313) and in a few samples were present in relatively large numbers 
even in January when conditions are least favourable for their growth. The presence of these organisms 
in the estuary would seem to be an indication that part at least of the sulphide is formed by reduction 
of sulphate. 


Table 92. Counts (Most Probable Number per g dry mud) of sulphide-producing 


bacteria in samples of Thames mud 





Sulphate-reducing bacteria Bacteria capable of forming 
Sample | 8704 on Hotchkiss’s medium hydrogen sulphide from 
to which growth factors had proteins, grown on tron- 
been added peptone broth 

1 2500 22000 

2 550 39000 

3 12300 2100 

4 6000 3200 

5 7000 — 


Between 2 and 4 mg of sulphide were formed per g dry mud when samples of mud from different 
depths in Tilbury Tidal Basin were mixed with diluted sea water (salinity 10 g/1000 g), inoculated 
with sulphate-reducing bacteria, and incubated at 25°C. On the basis that protein matter contains, 
on average, about 1 per cent sulphur as thiol and disulphide groups and that the protein content 
of a mud sample is 64 times the organic-nitrogen content, it was estimated that these same samples 
of mud would not have contained more than 4 mg available sulphur per g dry mud. There is a 
large amount of organic matter in deposits of mud which can be utilized by sulphate-reducing 
bacteria, and it is reasonably certain that most of the sulphide produced in these particular 
experiments was derived from the reduction of sulphate. 

In another experiment, freshly settled sludge from Northern Outfall Sewage Works was mixed 
with equal volumes of tap water and sea water of salinity 34 g/1000 g. Quantities of the mixture 
were then incubated at 22°C in separate bottles for a period of 6 weeks. At intervals, concentrations 
of sulphide and sulphate were determined and counts of sulphate-reducing bacteria were made, 
the whole contents of one bottle being used on each occasion. The results (Table 93) showed that 
the sulphide formed could be accounted for by the sulphate reduced. 

In spite of the large amounts of sulphide formed, relatively small numbers of sulphate reducers 
were counted. It would seem therefore, that the low counts obtained for mud samples from the 
estuary do not necessarily indicate that sulphate-reducing bacteria are not very active. 

It is thus known that sulphate-reducing bacteria and a sufficient quantity of utilizable organic | 
matter are present in the estuary. The estuary water contains large quantities of sulphate (p. 258) 
and the oxidation-reduction potentials in the water and mud have frequently been suitable for 
growth of sulphate-reducing bacteria (p. 259); it will be assumed subsequently that sulphide is 
formed in the estuary by the reduction of sulphate—although it is recognized that other mechanisms 
may be involved. 

At the end of June 1952, water in the Tilbury docks was excessively polluted by sugar washed 
from a damaged ship; five days later the concentration of sulphide was found to exceed 7 p.p.m. 
No other samples were taken, so that there is no information as to how rapidly the reduction took 
place or as to whether the concentration of 7 p.p.m. was the highest that occurred. As the concen- 
tration of organic sulphur compounds was not changed by this pollution and (so far as is known) 
the water was already anaerobic or nearly so, but probably contained little or no sulphide, it seems 
almost certain that sulphate was reduced when an unusually large concentration of utilizable — 
organic matter became available to the bacteria. 

The reduction of sulphate in the reaction 


H,S50, 2 H,S £40 (55) 


shows that, for each molecule of hydrogen sulphide formed, four atoms of oxygen are utilized in 
oxidation of the reducing matter. 
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Table 93. Counts of sulphate-reducing bacteria, and quantities of sulphate reduced and of sulphide 
formed in mixtures of sewage sludge and dilute sea water 
Water samples taken from (A) middle of supernatant water and (B) just above surface of sludge 


Sludge samples taken (C) just below surface and (D) by core sampler 
Mixture (EZ) sampled after mixing contents of bottle containing water and sludge 
































Period Sulphide | Sulphate Bacterial counts 
of formed reduced (Most Probable Number per ml) 
incubation 
days 
252) (mg SL.) | A | B | Cc | D | E 
0 0 0 —— — _ a 1100 
0-25 1-8 0 —_ — a —— 1300 
1 3-5 6 25 5:0 11000 3500 1100 
2 42 37 5-0 8-0 1700 17000 1100 
3 74 76 20 <20 300 1700 1300 
5 107 124 35 80 1700 5000 1700 
7 150 150 20 1700 8000 25000 5000 
9 147 147 130 50 3500 3500 2500 
13 216 217 250 130 3500 17000 5000 
16 234 251 80 35 2500 5000 2500 
23 194 224 25 25 1300 1300 1300 
30 209 238 25 25 800 800 350 
37 264 >321 — -— — — 800 
+4 PAS: SSEVA! = — — — —_ 














AVAILABILITY OF SULPHATE 


If, as was thought, sulphide was being formed in the estuary by reduction of sulphate, it was 
of interest to determine whether, under any conditions, lack of sulphate might be a limiting factor 
in the evolution of sulphide, or whether the rate of evolution might be increased appreciably by 
discharge of sulphate as a constituent of industrial wastes. Some observations were therefore made 
of the concentration of sulphate in water throughout the estuary. 

In November 1949 and March 1951, seventy-five samples were collected from points along the 
52 miles of estuary from Hammersmith Bridge to Southend, and were examined for their contents 
of chloride and sulphate. The results for those samples containing more than 200 p.p.m. chloride 
are shown in Fig. 158(a) where the straight line (fitted by the method of least squares) has the 
equation 

SO, = 98-2 + 0-128Cl p.p.m. (56) 


It was found by Thompson, Johnston, and Wirth®* that for ocean water the sulphate/chloride 
ratio deviated very little from 0-1395; this value—as shown by the cross in Fig. 158(a)—is about 
5 per cent greater than the ratio found by substituting 20 000 for Cl in Equation 56. 

If all the sulphate and chloride in the estuary originated either in sea water or in the water 
entering at the head of the estuary, and if the sulphate/chloride ratio for each of these sources 
were constant (though not necessarily the same for sea as for fresh water), then the relation 
between sulphate and chloride contents should be linear throughout the range of intermediate 
salinities. It is seen, however, from Fig. 158(b), where the data for chloride contents less than 
500 p.p.m. are plotted, that Equation 56 does not apply near the head of the estuary. The shaded 
area in this diagram shows the range of results for 19 samples of the water passing over Teddington 
Weir taken from 1st February to 12th March 1951; these had an average chloride content of 
23-0 p.p.m. and an average sulphate content of 51-3 p.p.m. whereas the corresponding sulphate 
content from Equation 56 is 101 p.p.m. A further 15 samples, taken between 15th March and 
23rd April 1951, were examined for their sulphate contents, and the mean value for all 34 samples 
was 51-2 p.p.m. with a standard error of estimate of 0-9 p.p.m. The sulphate content during 
February—April 1951 was apparently little affected by large changes in the fresh-water flow during 
that period. 

These results strongly suggest that sulphate enters the estuary some distance below Teddington 
Weir. The most likely source of this sulphate is the flue-gas washing-water from Battersea and 
Bankside Power Stations; from figures given on pp. 90-92 it is estimated that the average rate 
of addition of sulphate to the estuary from this source in 1953-54 was about 40 tons/day—or 
roughly the same as the rate of addition of sulphate from the Upper Thames when the flow is 
170 m.g.d. (it being assumed that the concentration at Teddington is unaffected by changes 
in flow). However, the flow gauged at Teddington on 17th November 1949 was nearly 1000 mil gal, 
on 15th March 1951 was almost 5000 mil gal, and between 1st February and 23rd April ranged 


(86724) T 
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between roughly 1700 and 7200 m.g.d. with an average value, on the days of sampling, of 
4438 m.g.d.; it is therefore clear that the discharges from the two power stations (even if appreciably 
more than 40-tons/day was added during the winter periods covered by Fig. 158) cannot account 
for more than a small part of the large increase in sulphate content with the rise in chloride content 
from 20 to 60 p.p.m. The sulphate/chloride ratio of other discharges entering the upper reaches 


has not been examined. 
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CHLORIDE (p.p.m.) 


Fic. 158. Relations between concentrations of chloride and sulphate in Thames Estuary and at Teddington 
Weir in 1949 and 1951 


Chloride contents (a) above 200 p.p.m. and (b) below 500 p.p.m. 


The concentration of sulphate in the estuary is unlikely to be increased significantly by 
discharge of sulphate or sulphite in industrial wastes at positions further seaward than Bankside. 
An estimate has been made of the weight of sulphate brought in during each tide by sea water 
which replaces water passing out to sea during the same period (Table 94). These figures, which 
were obtained by calculations similar to that described on p. 329, indicate that the supply of sulphate 
is so great that no discharge from industry below London Bridge can have any significant effect 
on the quantity present. The total weight of sulphate in the estuary upstream of Southend in 
November 1951, calculated from the results of analyses of samples taken in that month, was about 
14 million tons. 


Table 94. Amount of sulphate carried upstream by mixing during one 
tide at various points in estuary 


Based on observed data for 17th and 23rd November 1949 


Miles below Sulphate as SO, 
London Bridge (hundred tons) 





0 iLO 

5 5°4 
10 24 

iE 80 

20 182 








If the distribution shown in Fig. 158(b) were essentially the same at times of low fresh-water 
flow it would suggest that the source of the discrepancy lay in the methods of chemical determinations, 
but further samples would have to be taken before this difficulty could be resolved. However, 
although this examination of the sulphate content has raised a problem in interpretation, it is clear 
that lack of sulphate is extremely unlikely to limit production of sulphide at any point in the estuary. 
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Observations of the condition of the water in the estuary indicated that sulphide was found 
only when the dissolved-oxygen content of the water was zero or very small (pp. 192-193). It was 
not clear whether this condition was critical for the reduction of sulphate or whether it was, to some 
extent, fortuitous. Accordingly the effect of oxygen concentration on the activity of sulphate-reducing 
bacteria was studied. 

It is reported** that sulphate-reducing bacteria are obligate anaerobes and that the optimum 
oxidation-reduction potential for their growth is between — 100 and —300 mV (measured at pH 7). 
The highest potential at which growth has been reported®* appears to be +27 mV but this still 
indicates anaerobic conditions (see p. 183). 

In a laboratory experiment, dissolved-oxygen concentrations and oxidation-reduction potentials 
were measured at intervals in a mixture of settled sewage, sodium sulphate, and sodium lactate 
incubated in a closed vessel. Dissolved oxygen was absent before the potential had fallen to + 200 mV 
(Fig. 159). It would be expected, therefore, that no sulphide would be formed in the estuary water 
until dissolved oxygen was absent. Sulphide might, however, be present in water containing 
dissolved oxygen as a result of mixing of water containing oxygen with water containing sulphide. 
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Fic. 159. Changes in oxidation-reduction potential and concentration of 


dissolved oxygen in a solution containing settled sewage, sulphate, and lactate 


Oxidation-reduction potentials in the estuary were measured regularly during 1952-54. Potentials 
in water when sulphide first appeared ranged from — 39 to +109 mV (Table 67, p. 191). On a few 
occasions, potentials in deposits of mud on the bed of the estuary were measured, and some attempts 
were made to measure the potential at different depths in the mud by mounting an electrode at 
known distances below a board 2 ft square which was then lowered on to the mud surface. These 
attempts were not very successful; often the electrode was damaged and also it was difficult to be 
certain how deeply it penetrated the mud. Some values, however, were obtained and these are 


given in Table 95. 


Table 95. Oxidation-reduction potential in deposits of mud in estuary during 1952 














Approximate Pore. ‘ 
Date Position ae He mud viaiee er dee eee 

April17 | Entrance to Royal Albert Dock 1 —4 
April17 | Erith 1 —78 to —200 
April17 | Tilbury Basin il —14 
May 8 | Tilbury Buoy 4 —§ 
May 15 | Erith ? — 344 to —359 
May 15 | Entrance to Royal Albert Dock 1 —62 to —79 
May 22 | Entrance to Royal Albert Dock ? —164 
June 4 | Tilbury Basin ? —61 to —79 
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These measurements of potentials indicated that sulphide might have been formed both in 
water and in mud deposits in the estuary when dissolved oxygen was absent. It was conceivable 
that traces of dissolved oxygen could inhibit the formation of sulphide in the water, but it seemed 
less likely that they could influence its formation in deposits of mud which may be several feet deep. 
The extent to which dissolved oxygen in the supernatant water could alter the conditions in a 
deposit of mud was therefore studied in laboratory experiments. 

Mud from Gravesend Reach was placed in a glass tank as a layer 20 cm deep and was covered 
with estuary water, disturbing the mud as little as possible**. Platinum electrodes were then mounted 
at known distances above and below the surface of the mud. ‘The system was left at room temperature 
without any mechanical agitation or aeration of the supernatant water for 6 days, and the potentials 
of the platinum electrodes were measured at intervals. 

Values of oxidation-reduction potential recorded on the fifth day are shown by the crosses 
in Fig. 160(a). The potential in the water 1 cm above the mud was much less than that nearer 
the air/water interface, and no sudden change occurred at the mud surface. A value of — 200 mV 


was reached 2 cm below the water/mud interface, and almost the same potential was found 
at 4, 14, and 19 cm. 
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Fic. 160. Effect of conditions in supernatant water on oxidation-reduction potential at different depths in 
tank containing water and mud from Gravesend Reach 


Curve A, 5th day, static conditions 
, 8B, 17th day, after 10 days aeration 
», C, 25th day, after 18 days aeration 
5, D, 52nd day, 20 days after covering water surface with wax 


After the static period of 6 days, the water was continuously aerated. The concentration of 
dissolved oxygen in the water increased and became virtually the same at all depths. A surface film 
of light coloured mud which had formed gradually during the static period became steadily thicker 
and after 3 weeks this oxidized layer was 6 mm thick. Values of the oxidation-reduction potential 
after the water had been aerated for 10 days are shown by the encircled points in Fig. 160(a). 
The potential (which was probably constant throughout the water) decreased rapidly in the upper 
2 cm of mud to reach a constant value of —220 mV by a depth of 4 cm, that is slightly lower than 
when static conditions were maintained. Bubbles of gas—presumably of methane formed by 
anaerobic digestion—were observed in the lower layers of mud after the fifth day but none was 
seen in the upper 5 cm. 

During a third period, the water was covered by a layer of paraffin wax to prevent access of air; 
the oxygen content of the water decreased to less than 1 per cent saturation. Oxidation-reduction 
potentials were measured each day. Steady values were obtained after 20 days and these are compared 
in Fig. 160(b) with those which had been obtained when the watet was aerated. Limiting the 
access of oxygen to the system in this way had less effect than expected, probably because the mud 
was from a relatively old deposit. 

The pH value in the mud decreased from 8-0 at the surface to 6-6 at 2 cm depth and then 
increased slightly to 6-7. Similar observations have been reported by Debyser’’. This variation 
in pH value would by itself have caused the oxidation-reduction potential to vary with depth in 
the mud but not nearly as much as that actually observed. 

These experiments indicate that the presence of dissolved oxygen in the water in the estuary 
would have no effect on the conditions prevailing in firm deposits of mud at distances greater than 
2 cm below the mud surface. This has been shown to be true for the relatively old deposit of mud 
from Gravesend and would be just as likely with any firm deposit of fresh, more rapidly putrefying 
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mud. It would, however, not be true for loose deposits (such as are found near the Royal Docks) 
which may be eroded and carried in suspension when disturbed by large vessels or fast tidal 
streams. It may therefore be concluded that anaerobic processes, such as the reduction of sulphate, 
can continue in the lower layers of mud deposits whether or not dissolved oxygen is present in the 
supernatant water—provided that other factors (such as temperature, and supply of sulphate) 
are favourable. Since no sulphide is found in solution in the supernatant water when oxygen is 
present, this indicates that there must be a rapid destruction of sulphide at the water/mud interface 
or in the water (see pp. 272-275). 

To determine the effect of traces of dissolved oxygen on the formation of sulphide, an experiment 
was made in which mixtures of settled sewage, nutrient solution, and a mixed culture of sulphate- 
reducing bacteria derived from sewage, were incubated at 25°C in 2-1. bottles®*. Nitrogen, from 
which all traces of oxygen had been removed, was passed through two bottles as a stream of fine 
bubbles. Nitrogen mixed with 1, 2, or 3 per cent air was similarly bubbled through others. 
Any hydrogen sulphide in the issuing gases was absorbed in a solution of cadmium acetate and its 
quantity was determined at intervals (Fig. 161). When 2 per cent air was added to the nitrogen 
hardly any hydrogen sulphide was evolved. The concentration of oxygen in solution in equilibrium 
with nitrogen containing 2 per cent air would have been 2 per cent of the saturation value, or about 
0-16 p.p.m., but in the culture was probably much less as dissolved oxygen would be consumed 
by bacterial action. It is not possible from the data available to explain the effect of traces of 
dissolved oxygen—especially as there is a chemical reaction between sulphide and oxygen in solution 
(p. 272). Even when some oxygen was present in the gas the oxidation-reduction potential in the 
solution fell to values which it is thought were sufficiently low to allow growth of sulphate-reducing 
bacteria; the values, however, were less negative and remained low for a much shorter period than 
when oxygen was absent from the gas entering the bottle. 
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Fic. 161. Evolution of hydrogen sulphide from culture solutions 

through which various mixtures of nitrogen and air were passed 


EFFECT OF TEMPERATURE 


Observations of the condition of the water in the estuary indicated that when sulphide first 
appeared the temperature of the water was greater than 15°C (Table 67, p. 191). To determine the 
effect of temperature on the production of sulphide by sulphate-reducing bacteria, experiments*® 
were made using (a) synthetic culture media, (b) mixtures of mud and estuary water, and (c) mixtures 
of mud and sea water to which nutrient was added periodically. 


Experiments using synthetic culture media 

Portions of a culture solution containing 2300 p.p.m. sodium sulphate, 26 p.p.m. ferrous 
ammonium sulphate, and 2420 p.p.m. sodium lactate and buffered at pH 7-4 with 0-1M potassium 
phosphate buffer, were inoculated with sulphate-reducing bacteria and incubated at temperatures 
of 5°, 10°, 15°, 20°, and 25°C. Nitrogen was passed through each bottle of culture solution and then 
through pairs of Dreschel bottles containing cadmium-acetate solution. These were replaced at 
intervals and the quantity of sulphide absorbed in them was determined iodimetrically. At 25°C 
sulphide formation was rapid and was complete after 6 days (Fig. 162). At 20°C sulphide was 
produced more slowly, but after 11 days almost as much had been produced as at 25°C, At 15°C the 
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time elapsing before appreciable amounts of sulphide were formed was 25 days, production of 
sulphide had almost ceased after 31 days, and the total quantity formed amounted to only about 
a third of that at 25°C. When a further quantity of sodium lactate was added, more sulphide was 
formed, showing that the supply of nutrient had been exhausted. Presumably the nutrients had been 
consumed by other types of bacteria before the sulphate-reducing bacteria had proliferated. At 
temperatures of 5° and 10°C, no sulphide was formed in 45 days, even though extra lactate was 
added after 31 days. 
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Fic. 162. Effect of temperature on rate of formation of hydrogen sulphide by 
sulphate-reducing bacteria in a culture solution containing sodium lactate 


Temperature (°C) shown against each curve 
No sulphide was formed at 5° or 10°C 


As the original inoculum of bacteria had been grown at 30°C and it was possible that the bacteria 
could not rapidly acclimatize themselves to the lower temperatures, a new culture was grown at 
15°C. The experiment was repeated and substantially similar results were obtained, no sulphide 
being formed at 15°C until 18 days had elapsed. 


Experiments with mixtures of mud and estuary water 


A mixture of 120 ml of wet mud from the estuary and a suspension of sewage sludge (dry weight 
1 per cent of wet weight of mud) was diluted to 1 1. with sea water from Southend; 100-ml quantities 
of the mixture were then incubated in bottles at temperatures from 5° to 25°C and the total sulphide 
contents of bottles were determined at intervals (Fig. 163). Because sulphide was formed at slightly 
different rates in similar samples at the same temperature the values obtained do not lie on smooth 
curves, but the results show clearly that some sulphide was formed at 5° and 10°C and that the 
quantity formed increased with temperature. During the first 10 days the quantity of new sulphide 
formed at 20°C was approximately 24 times that formed at 10°C suggesting that, in this range, 
the rate of formation of sulphide increased by about 8 per cent per degC. 

These results differed from those obtained with synthetic culture media in which no sulphide 
was produced at 5° or 10°C. Possibly the organisms present were better adapted to the low 
temperature than those used in the other tests. Another possibility is that the sulphide was derived 
from sources of sulphur other than sulphate, but there was insufficient organic sulphur present in 
the mud to account for the sulphide formed at the three highest temperatures. 

As conditions in both experiments differed from those in an estuary where nutrients are 
continuously replenished by discharges of polluting matter, a further experiment was made in which 
the concentration of nutrient was kept constant and the rate of evolution of sulphide was measured. 


Experiments with mixtures of mud and sea water and periodic additions of nutrient 


To a series of 16-0z bottles were added 300-ml samples of a mixture of mud, settled sewage, 
and sea water from Southend which were then incubated in water baths at temperatures of 5°, 
10°, 15°, 20°, 25°, and 36°C. The mud in the bottles settled to form a layer about 4$-in. deep. 
Nitrogen was bubbled through the water above the mud and then through Dreschel bottles containing 
cadmium acetate to absorb any hydrogen sulphide. Each day 100 ml of supernatant liquid were 
removed from each bottle and replaced by 100 ml of fresh liquid containing equal volumes of 
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settled sewage, and sea water to give the same salinity (16-25 g/1000 g) as in the bottles, together 
with sodium sulphate equivalent to the sulphide collected in the Dreschel bottles. In this way a 
supply of nutrient was maintained in each bottle. 

Some sulphide would have been retained by compounds of iron in the mud but it was 
considered that once sulphide was freely evolved its quantity would give a reliable indication of what 
might be evolved by deposits of mud in the estuary. 

Sulphide was present in the gas from the bottle at 36°C after 3 days, but was not found in that 
from the bottle at 5°C until 30 days had elapsed. If the mud was absorbing hydrogen sulphide 
during these periods, the time taken for sulphide to appear in the gas can be used as an indication 
of the rate of formation of sulphide at different temperatures. The times, plotted on a logarithmic 
scale against temperature, lie close to a straight line (Fig. 164) the slope of which indicates that 
the increase in the rate of formation of sulphide with temperature was about 7-5 per cent per degC 
in the temperature range 5° to 36°C. Figures for the quantity of sulphide evolved during certain 
periods of 24 h (Table 96) show that the amount swept from the bottles varied considerably from 
day to day, probably owing to variations in the volume of nitrogen passed through the bottles. 
It is not possible to obtain from these figures any simple relation between rate of formation of 
sulphide and temperature but their general trend supports the other conclusions on the effect 
of temperature. 
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Table 96. Quantity of sulphide collected during periods of 24 h from mixtures of mud, 
sea water, and settled sewage incubated at different temperatures (°C) 














: Sulphide collected in 24 h 
Time from Gest 
start of 
experiment 
(days) 5° 10° 1 20° 25° 36° 
5 — = — — Trace 6:2 
6 — — — ‘Trace 1-9 2-7 
8 — — — Boil 2:2 4-7 
10 — — — 1-3 1-6 1:9 
138) a = ‘Trace 7 1-8 325 
17 — Trace — —_ — — 
21 — — 6 — 1:6 3-0 
22 — 0:6 1:2 — 1-8 2:9 
23 — 0:5 1-0 — 1-2 3°3 
24 = 0:2 0:8 1-8 1:8 4-8 
27 — 1-0 3:0 4:9 3:0 52 
28 —- 0-4 0-9 3°4 4-4 4-1 
29 — 1:5 3°9 6:7 2:8 6:7 
30 0:93* 1°6 2:7 4-8 3-6 4-2 
34 — 0-7 322 4-8 2:9 2°3 
Average — 0:8 Pa) 325 2°4 4-0 




















* Total for 30 days, 


264 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


It may be concluded, therefore, that in the Thames Estuary the rate at which sulphide can be 
formed, other conditions being favourable, will increase with temperature by roughly 8 per cent 
per degC or will be doubled for a rise of about 10 degC. This means, for example, that in a deposit 
of mud which is anaerobic throughout the year the rate of formation of sulphide may be three times 
as great in summer as in winter. It also means that heating of the water, such as by discharges 
from power stations, will increase any existing nuisance from sulphide. 


FORMATION OF SULPHIDE IN MUD SUSPENSIONS 


In certain parts of the estuary, especially during or after periods of high flow, a large amount 
of mud is carried in suspension in the water. It seemed desirable to determine whether sulphide 
was produced from this mud more readily or less readily than when the mud was in a compact layer. 

Twelve bottles were completely filled with a suspension of mud in a mixture of estuary water 
and sewage. Six were shaken continuously; the others were left undisturbed during the experiment, 
the mud settling to form a layer 4 cm deep. Single bottles were removed at intervals, the 
contents were acidified, and the sulphide was swept out with nitrogen, re-absorbed, and estimated. 
There was no significant difference between the amount of sulphide formed in the mixed and in 
the quiescent cultures. It would seem therefore that mud carried in suspension and mud present 
as firm deposits in the estuary can produce similar quantities of sulphide. 


EFFECT OF pH VALUE 


To examine the effect of variations in pH value on the growth of sulphate-reducing bacteria, 
a series of solutions containing sodium sulphate, sodium lactate, and ferrous ammonium sulphate, 
and buffered with potassium phosphate at pH values between 5-5 and 9-6, were prepared. These 
solutions were inoculated with equal volumes of a culture of sulphate-reducing bacteria and — 
incubated at 25°C in completely filled bottles; the time which elapsed before a black turbidity or 
deposit of ferrous sulphide appeared was noted. The results are given in Table 97. (For the pH 
value of the estuary water see pp. 182-183.) 


Table 97. Effect of pH value on time required for growth of 
sulphate-reducing bacteria in buffered culture solutions 


Period before appearance 





pH value of sulphide 
(days) 
5°5 8 
6-0 5 
6:5 4 
6:9 4 
ry) + 
8-0 5 
8:4 5 
9-0 5 
9:6 20 


SULPHUR CONTENT OF MUD DEPOSITS. 


When dissolved oxygen is present in the estuary water it is to be expected that sulphide formed 
in deposits of mud and diffusing towards the water/mud interface would become oxidized. 
Sulphur is known to be one of the products of oxidation of sulphide. Several attempts were made 
to determine the sulphur content of samples of mud; it was necessary to dry the mud without the 
ferrous sulphide present becoming oxidized to sulphur. Methods tried included drying in vacuo, 
drying by grinding with anhydrous sodium sulphate, drying in air at 60°C, and also drying after 
acidifying the sample and filtering and washing it to remove sulphide and ferrous chloride. The dried 
sample was then extracted with carbon disulphide. The extract, after removal of all the carbon 
disulphide, was washed with a trace of acetone at 0°C and then oxidized with bromine followed 
by nitric acid; the sulphate content of the extract was then determined by precipitation as barium 
sulphate. Results varied according to the method used but were mostly in the range 0-1 to 1 per cent 
sulphur based on the dry weight of mud (Table 98). 

It is possible that when samples were dried in air a proportion of the sulphide became oxidized 
and was extracted and determined as elementary sulphur. 
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Table 98. Sulphur content of three samples of mud 





Source of sample 








(miles below Method used pape! d 
London Bridge) (mgig dry mud) 
0-0 Dried at 60°C in air 0:83 
12-25 Dried at 60°C in air 8:8 

Dried at 60°C in air 2°8 

Dried after acidification and removal of sulphide 1-56 
13-8* Dried with anhydrous sodium sulphate 1-49 

Dried in vacuum desiccator 1-32 








* Sulphide content 1-94 mg S/g dry mud. 


FACTORS AFFECTING CONCENTRATION OF 
HYDROGEN SULPHIDE IN THE ATMOSPHERE 


The unpleasant smell and the corrosive effects due to sulphide present in the atmosphere 
will vary with atmospheric conditions and distance from the estuary but will depend to a large 
extent on the rate at which sulphide escapes into the air from the water. Sulphide formed in the 
estuary may escape in bubbles rising from deposits of mud or by diffusion from the surface of the 
water. In either case the amount of sulphide escaping will depend wholly or in part on the concen- 
tration of undissociated hydrogen sulphide in solution in the water. It is possible to estimate the 
approximate concentration of sulphide in the atmosphere which would be in equilibrium with the 
water under known conditions. This would represent the maximum degree of pollution of the 
atmosphere with sulphide, such as might occur close to the water surface when the atmosphere is 
very still. It is not possible, however, to make more than a very rough estimate (see p. 341) of the 
rate at which sulphide escapes from the estuary. 


EQUILIBRIA IN THE ESTUARY 


To estimate the concentration of undissociated hydrogen sulphide in the estuary water the 
equilibria involved must be considered. ‘Two distinct conditions can occur. The water may contain 
sulphide and an excess of metal ions which form insoluble sulphides or it may contain sulphide in 
excess of the concentration of these metal ions. In the first case the concentration of undissociated 
hydrogen sulphide will depend on the nature and concentration of the ions and the pH value 
of the water, and in the second case mainly on the pH value of the water and the excess of sulphide. 

Relatively large quantities of iron compounds are present in the estuary water. When dissolved 
oxygen is present during the winter months, the suspended matter is light brown and most of the 
iron is present in the ferric state. As the system becomes anaerobic, ferrous iron increases in quantity 
and the suspended matter becomes dark with ferrous sulphide. Sulphide may be present before 
obnoxious smells occur, most of the sulphide then being present as ferrous sulphide. During 1952, 
although sulphide was present at low water off Southern Outfall from May to November, for less 
than half this period was sulphide present in excess of the equivalent concentration of iron (Fig. 165). 

The treatment of these equilibria in the succeeding paragraphs has been simplified: the activity 
coefficients of the ions involved have been taken as unity since it is not at present possible to calculate 
these coefficients in saline water, and the limiting effect of the solubility of ferrous carbonate on 
the concentration of ferrous ions has not been included in the calculations. Because of these 
simplifications, some of the numerical values given cannot be considered to be very accurate. 
The equilibria have been considered in more detail by Hem and Cropper®*” but it is clear 
from a study of their papers that a rigorous treatment of the problem is not yet possible. However, 
the calculations which follow will serve to indicate the effect of the concentrations of different 
ions on the equilibrium in the estuary and to give a clearer understanding of the factors involved, 


Sulphide not in excess of iron content of water 


When sulphide is not present in the estuary water in excess of the concentration of ferrous and 
ferric iron, then, because ferric hydroxide has a very low solubility product, it may be assumed 
that the concentration of ferric ions in the water is governed by the pH value of the water and the 
solubility of ferric hydroxide, The concentration of ferric ions will be given by the equation 

K 


fer Sone (57) 
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Fic. 165. Concentration ratio of sulphide to total iron at low water off Southern Outfall in 1952 


where K, is the solubility product of ferric hydroxide and [OH] is calculated from the ionic 
product of water and the pH value using the relation log [OH] = pH—pk,, where —pk,, is the 
common logarithm of the ionic product for water. 

Taking values‘! of K, as 10-°*° and pk, as 14-23 at 18°C—a temperature typical of average 
summer conditions in the estuary—the concentration of ferric ions in water is related to the 
pH value by 

[Pets alas ealce ue (58) 


When the solubility products of ferrous hydroxide and carbonate are not exceeded, the 
concentration of ferrous ions in the water can be calculated from the concentration of ferric iron 
and the oxidation-reduction potential in the water. ‘The general equation for an oxidation-reduction 
system is of the form 
RT, , Activity of oxidized form 

ARIE Activity of reduced form ’ 





B= E,+ (59)-9 
where FE is the oxidation-reduction potential, EZ) the standard electrode potential, R the gas constant, 
T,< the absolute temperature, m the difference in the valency of the ions, and F the Faraday. 

Putting activities equal to concentrations, the expression in words in Equation 59 is replaced by 
[Fe+++]/[Fe*++] for the system being considered. The value of E, is quoted* as 771 mV at 25°C 
and is likely to be substantially the same at 18°C—the temperature chosen in deriving Equation 58. 
Using the latter temperature, and substituting in Equation 59, gives the oxidation-reduction 
potential in terms of the ratio of the concentrations of ferrous to ferric ions: 

Ker 
Ey = 771 — 57-8 log a mV. (60) 

From Equations 58 and 60 it is possible to calculate the concentration of ferrous iron that would 
be in equilibrium with ferric hydroxide in water at various oxidation-reduction potentials and 
pH values (ignoring the effect of bicarbonate); some calculated values are shown in ‘Table 99 where 
dashes are inserted when the concentration of ferrous iron is limited by the solubility of ferrous 
hydroxide. It may be deduced from this table that a concentration of 8-5 x 10-® mole of ferrous 
iron per litre (0-47 p.p.m.) can exist in pure water with a pH value of 7-5 and an oxidation- 
reduction potential of zero. Concentrations of iron of this order have been detected in solution in 
the estuary when the potential of the water has been low (Fig. 166, p. 268) and it is likely therefore 
that the iron is in solution as ferrous ions and not present as an undissociated complex. 

When an excess of ferrous ions is present in the estuary water the concentration of sulphide 
ions will be controlled by the solubility of ferrous sulphide and the concentration of-ferrous ions. 
Taking the value*® of K, as equal to 5 x 10-'8 at 25°C, the concentration of sulphide ions is given 
by the equation 

» 


, [ann ree 108[Fe™] : 


(61) 
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Table 99. Variation with oxidation-reduction potential and pH value of concentration of ferrous ions 
in equilibrium with ferric ions and ferric hydroxide in pure water at 18°C 
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For a given concentration of sulphide ions and pH value it is possible to calculate the 
concentration of undissociated hydrogen sulphide in equilibrium with it. Hydrogen sulphide 
dissociates in two stages 


ky 
H,S = H*++ HS-, (62) 
and 
ko 
J lhets EM «fle ite § ne (63) 
At 25°C the dissociation constant for the first stage** is 
[H*] [HS] 
= = plo xl ae, 64 
1 [HS] ( ) 
and for the second stage** is 
[H*][S~] 
ky = ——= = — = 1:2x10-%. 
2 [HS-] x (65) 


By combining these equations an expression relating concentration of undissociated hydrogen 
sulphide to concentration of sulphide ions is obtained, 


[HS] = 0-725 x 1020-2»H [S—. (66) 


From this expression, and a knowledge of the partition coefficient for the distribution of hydrogen 
sulphide between solution and vapour, the concentration of hydrogen sulphide that can exist in 
air in equilibrium with water can be calculated for a variety of conditions. ‘Thus for distilled water* 
at 25°C the partition coefficient, 

Concentration of H,S in vapour 


k 





= — = 0-406, 7 

Concentration of H,S in solution oc) 
and for a salt solution*® (0-5 g equivalents/I.), k = 0-43. Taking this second value as more 
appropriate for estuary water, the concentration of H,S in air (p.p.m. by volume) in equilibrium 
with undissociated H,S in solution (mole/I.) is then given by 


Concentration of H,S in air = 9-64 x 10°[H,S] 7 solution. (68) 


Table 100 gives values for the concentration of hydrogen sulphide in air and in solution when 
in equilibrium with a salt solution containing ferrous sulphide and various concentrations of ferrous 
ions at pH 7-5. Results for other pH values can be quickly deduced by considering Equation 66 
which shows that a decrease in pH value of 0:5 units causes a tenfold increase in the concentration 
of hydrogen sulphide both in solution and in the vapour. 

Interpolation in Table 100 shows that 0-42 p.p.m. hydrogen sulphide (by volume) can exist 
in air in equilibrium with water containing 8-5 x 10-® mole ferrous iron per litre (0-47 p.p.m.)— 
the concentration of ferrous iron already shown to be possible in water of pH 7:5 when the 
oxidation-reduction potential is near zero. It is unlikely that the concentration of hydrogen sulphide 
in the air would approach this equilibrium value except under very exceptional circumstances, 
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but as hydrogen sulphide can be detected by smell at a concentration of only 0-025 p.p.m. by 
volume’, estuary water might have an objectionable smell even if it contained an excess of iron. 
It can be seen why the method used to determine hydrogen sulphide in the air (p. 575) often 
failed to detect any hydrogen sulphide although it could be smelled. This method requires 
33 p.p.m. hydrogen sulphide to be present to give a measurable stain with one stroke of the pump. 
In practice 100 strokes were given and it was possible to estimate down to 0-1 p.p.m. hydrogen 
sulphide. 


Table 100. Concentration of hydrogen sulphide in equilibrium with a 0-5 M sodium-chloride solution 
containing ferrous sulphide and varying concentrations of ferrous ions at pH 7-5 











[Fett] eon fsrear| [H,S] solution| H,S vapour Fett 
(mole/l.) (mole/l.) (mole/l.) (p.p.m. by (p.p.m.) 
volume) 

10-4 Sc 105424 Seorern 0s 0-035 5:6 
10% Sxl OTe 356. 8c Orne 0-35 0-56 
10-* 52x10 Sh 3-6 ite 3°5 0-056 
10-7 Sex 1054 326 eae 35 0-0056 
10>? 5105" ies 26 een ee 350 0-00056 
10s BG Lee 3.2 OnX 208 3500 0-000056 





The oxidation-reduction potential and the concentrations of dissolved iron and dissolved 
sulphide** present in the estuary on 27th June 1952 are plotted in Fig. 166. This was a day when 
sulphide was not present in excess of the concentration of iron. Using the data in Table 99 the 
concentration of ferrous iron which it is calculated could have existed in estuary water at each 
of the potentials plotted in Fig. 166 was found; the values are represented in the diagram by a 
broken line. There is reasonable agreement between the observed and calculated concentrations 
of iron in solution. 






G+-—] Ferrous iron in solution (calculated 
x———-X Total 4 “ “ determined 
O——® Oxidation-reduction potentia! 
&—A Sulphide in solution 







nh +——+ Oxygen 4 " ae 

2400 ous E 

f a 

uw — 

—~ Zz 

aa _,900 O 

a|/ <= o 

GSE 

Zz Oo 

a5 ~200 y 

O A 

> la je) 

Sha er- a 

at Q 100 5 

UO 
> a — 
= %) 
071. 
| 0 a 
wv T x. x4 oe ae O6 
ore o 2 o 0 Has 
or £4400 : 0.192 
x Nf she tat Aol ee ae A 0 5a, 
» 

10 Above” Below lO 20 28 a 


MILES FROM LONDON BRIDGE 


Fic. 166. Variations in concentration of iron in solution and of oxidation-reduction potential 
of water at various positions between Gravesend and Putney on 27th June 1952 


Water temperature, 18°—24°C 


Sulphide in excess of iron content of water 


When sulphide is present in the estuary in excess of the concentration of iron compounds, 
it is the excess of sulphide present and the pH value of the water which mainly affect the degree 
of pollution of the air by sulphide. 
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Let the total concentration of dissolved sulphide in the water be S, then this is equal to the 
sum of the concentration of the ionized and unionized sulphide 


S = [H,S] + [HS-] + [S—], (69) 


and by substituting values from Equations 64 and 65, and simplifying the expression, it is found 
that at 25°C 

[HS] _ 1 

S14 1-15 x 102-7 4 1-38 x 1027-20” 





(70) 


from which the proportion of undissociated hydrogen sulphide in water of various pH values 
can be calculated. 

Values of [H,S]/S are shown in Fig. 167; these may then be used to determine the concentration 
of sulphide in air in equilibrium with water containing a known amount of sulphide. It follows 
from Equation 68 that, when sulphide is in excess of the iron content of the water, 


Concentration of hydrogen sulphide in air (p.p.m. by volume) = 9:64 x 10°[H,S]}?/S. (71) 


0 








oO 
ie2) 





2 
n 








O 
nh 

















PROPORTION OF HYDROGEN 
SULPHIDE UNDISSOCIATED 
(2) 

& 


co) 
N 


4 5 6 {i 8 9 10 I] 
pH VALUE 


Fic. 167. Effect of pH value on proportion of hydrogen sulphide which is 
undissociated in solution at 25°C 


When there is present in the estuary 3-4 p.p.m. (10~*mole/I.) H,S in excess of iron compounds, 
the maximum sulphide content of the atmosphere might be 448 p.p.m. by volume at pH 7-0, 
or 77 p.p.m. at pH 8-0, both very high concentrations of hydrogen sulphide. It is fortunate that 
equilibrium conditions are never likely to occur. 


HYDROGEN SULPHIDE IN BUBBLES OF GAS RISING 
FROM MUD DEPOSITS 


In the mud reaches of the estuary, bubbles of gas may be seen to rise from mud deposits, 
particularly at low tide when conditions in the water are anaerobic (see pp. 313-315). These bubbles 
may contain hydrogen sulphide and when they are large (for example when mud is disturbed by 
dredging) appreciable amounts of hydrogen sulphide are introduced into the atmosphere. Such 
effects, however, are local and, for the most part, bubbles rising in the estuary are comparatively small. 


Experiments in Tilbury Tidal Basin . 


Measurements were made of the average size of bubbles rising in Tilbury Tidal Basin on two 
occasions. Bubbles were collected in a Buchner flask in the neck of which was fitted a 6-in. funnel. 
The apparatus was completely filled with water and held inverted in water where gas bubbles 
were rising. Twenty bubbles were collected on each occasion and the volume of gas was measured 
at atmospheric pressure. The average volumes of the bubbles in the two experiments were 1-03 
and 0-78 ml, corresponding to spherical bubbles 5-8 and 5-3 mm in diameter respectively. 

The bubbles consisted mainly of methane and carbon dioxide (Table 121, p. 315). When gas 
was collected at the surface of the water in the tidal basin and left in contact with the water in the 
gas-collecting hood for up to 24h no sulphide could be found in the gas. When, however, the 
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mud was disturbed with a pole and the gas was removed immediately, a small proportion of 
hydrogen sulphide was found in the gas. 

Other samples of gas, obtained by disturbing deposits of mud, and by digestion of mud in the 
laboratory, contained up to 1-7 per cent hydrogen sulphide, but samples of gas collected at the 
surface of the estuary over periods of 24h on no occasion contained more than 0-011 p.p.m. 
Any hydrogen sulphide in these latter samples, however, would have had time to dissolve in the 
estuary water and reach equilibrium with it. 


Experiments in laboratory 


In order to be more certain of the extent to which hydrogen sulphide present in bubbles of gas 
liberated from mud deposits might contaminate the air, measurements were made of the rate at 
which hydrogen sulphide dissolves from bubbles. 

The apparatus (Fig. 168) consisted of a gas reservoir (A), a pump (B), and a 3-in. diameter 
column (F) which contained estuary water. Gas could be pumped from A into a gas burette (E) 
or, as a series of bubbles, through the estuary water into a second burette (G). The lower end 
of each burette was fitted with a bung through which was passed a bent glass tube (L, M). 
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Fic. 168. Apparatus for measuring rate at which 
hydrogen sulphide present in bubbles dissolves in water 


At the beginning of an experiment the gas reservoir was filled with nitrogen containing 0-8 to 
1-4 per cent hydrogen sulphide, and F was nearly filled with estuary water which was then 
de-oxygenated by passing nitrogen through it. The burettes E and G were completely filled with 
a solution of cadmium acetate and left with L and M immersed in a similar solution in beakers. 
Gas was displaced through K to sweep out the connecting tubes, and a sample of the gas was 
then quickly collected in E. After equalizing the levels of liquid inside and outside E, the volume 
of gas in it was noted and L was then sealed with a rubber ‘policeman’. In this way a known 
volume of gas was collected in the presence of a small volume of cadmium-acetate solution. About 
270 ml of gas were then passed through the estuary water in F as a series of bubbles of the required 
size—controlled by the rate of pumping. The gas was. collected over cadmium-acetate solution 
in G, and its volume and pressure were noted. Any gas remaining above the water in F was swept 
into G with nitrogen introduced at H; the burette tap was closed and M was sealed. The contents 
of the burettes were then shaken thoroughly, and the sulphide absorbed was determined 
(see p. 574). The sizes of bubbles were determined from photographs. 

Two series of measurements were made, changing the depth of water and length of column F 
in steps of about 1 ft, and using bubbles of diameter approximately 7 mm and clusters of bubbles 
of diameter about 20 to 30 mm. The results are shown in Table 101. 

The corrected values for the percentage of sulphide unabsorbed from small bubbles (Table 101, 
Column 4) plotted on a logarithmic scale against the depth of water gives a series of points which, 
as expected, lie near a straight line (Fig. 169). A similar result was obtained when the corrected 


REDUCTION PROCESSES 271 


Table 101. Proportion of hydrogen sulphide remaining after a mixture of hydrogen sulphide and nitrogen 
was bubbled through various depths of estuary water 



































1 | 2 3 | 4 | 5 
Hydrogen sulphide in gas mixture 
Depth of After beoue through water ‘pt. dip areeela 
water have been in 
(cm) Initially Corrected equilibrium with 
(per cent (per cent for blank+ the gas dissolved 
by volume) of initial (per cent (per cent 
concentration) of initial of initial 
| concentration) concentration) 
Small bubbles, 6-7 mm diameter 
Rate of rise of bubbles in tube, 22 cm/s 

0* 0-86 | 84-5 82:5 0-08 

0O* eg 89-7 87-3 0-05 

6 1-0 Sy/ot Sons 0-20 
36:5 sO7 2255 20:7 | 0-11 
40-5 0-95 PALO) iW)o3' 0-11 
49-5 0:89 8-35 6-5 0:12 

18 lout B88, 2°44 0-07 
713-5 1-07 3-44 73 0:08 
102 0-94 2:18 O53 0-06 
164 ively) hos} 0-14t 0-04 

Clusters of large bubbles, up to 2-3 cm 

37°5 137 37 S35) 7) 0-10 

74 0-87 18-5 16-7 0-08 

iS 1-24 | 20-1 18-8 0-08 

96 0-80 | 18-8 16:8 0-05 
126 ihosigl 1272 11-0 0-05 











* In these experiments the jet was brought up just to the surface of the water, and 
the results give an indication of the amount of the gas absorbed through the surface. 

+ The blank value is due to loss of some iodine in the absorption apparatus. 

t This figure, representing the difference between two small quantities, is omitted 
from the subsequent discussion. 
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Fic. 169. Percentage of original sulphide concentration remaining 
in bubbles after passing through various depths of water 
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values from the second series of experiments were plotted—even though the size of individual 
bubbles varied greatly in these experiments. Presumably, as the points lie near a straight line, 
the average size of the large number of bubbles passed through the water was fairly constant. 

The linear relations in Fig. 169 indicate that the rate of solution of hydrogen sulphide from 
bubbles is proportional to the concentration of sulphide remaining in the bubbles, other factors 
such as surface area of bubbles and turbulence of water remaining constant. The straight lines 
did not pass through the point corresponding to 100 per cent remaining at zero depth because 
some of the sulphide dissolved through the surface of the water in the column. The amount that 
dissolved in this way was determined separately in the first series of experiments and was found 
to be equivalent to an extra depth of 3 cm of water. 

It may be seen from Fig. 169 that only 1 per cent of the hydrogen sulphide originally present 
in bubbles of gas 6-7 mm in diameter remained unabsorbed after passing through 90 cm (about 3 ft) 
of water; by extrapolation it is estimated that only 0-01 per cent would have remained after passing 
through 6 ft of water. If the concentration of sulphide in the gas bubbles were initially 1 per cent, 
after passing through 6 ft of water there would be only 1 part of sulphide per million parts of 
gas—unless the concentration established by the equilibrium with sulphide in solution were greater 
than this figure. 

When clusters of large bubbles were used, 10 per cent of the initial amount of sulphide was 
still present in bubbles which had passed through 4 ft of water. If the gas contained initially 
1 per cent sulphide, 16 ft of water would be needed to reduce the concentration in the bubbles 
to 1 p.p.m. by volume. 


Conclusions 


The average size of bubbles rising in the estuary was shown to be of the same order as the 
size of the bubbles used in the first series of experiments. It is therefore reasonable to conclude 
that pollution of the atmosphere by hydrogen sulphide would not be caused to any appreciable 
extent by the bubbles of gas rising from mud deposits except where these bubbles pass through 
only a few feet of water, as for example, near the river banks. Elsewhere the water would be deep 
enough to ensure that the bubbles of gas would be in equilibrium with the water, and any nuisance 
caused by bubbles would be no greater than that attributable to direct diffusion of hydrogen 
sulphide from the surface of the water. When the mud deposits are disturbed by dredging, however, 
very large bubbles are released, and appreciable contamination of the air by hydrogen sulphide 
could occur—especially if the bubbles are liberated from buckets nearing the surface. 


OXIDATION OF SULPHIDE 


Sulphide formed in the estuary is either lost to the air (as already discussed), removed in the 
course of dredging, or destroyed by reaction in solution with dissolved oxygen or some other 
oxidizing substance; it is convenient to discuss this process here rather than with the other 
oxidation processes in Chapter 8. 


MECHANISM OF OXIDATION 


It is known that hydrogen sulphide may be oxidized in the presence of dissolved oxygen by 
sulphur-oxidizing bacteria and also by a purely chemical reaction. Experiments were therefore 
made to decide which type of reaction predominates in the estuary and how rapidly sulphide can 
be oxidized—knowledge of which was relevant to its disappearance from the estuary during the 
autumn and its absence when any dissolved oxygen was present in the estuary. 

In laboratory experiments, hydrogen sulphide was allowed to react with oxygen dissolved in 
de-ionized distilled water and in pure buffer solutions. It was shown by chemical analysis that 
considerable quantities of sulphate and thiosulphate were formed in addition to elementary sulphur. 
It was also found that pH value affects the rate of reaction, which is more rapid at pH 9-10 than 
at pH 5-6, and that traces of metal ions such as manganese, nickel, iron, cobalt, and copper act 
as catalysts. It seemed also that the proportions of the various possible reaction products varied 
with the experimental conditions. Because of the complex nature of the process and the large 
number of variables involved, further experimental work was confined to a study of the rate of 
oxidation of sulphide in estuary water to ascertain how rapidly it proceeds under natural conditions. 

To determine whether bacteria play a significant part in the oxidation of sulphide in the estuary, 
a suspension of mud from the surface of a deposit at Gravesend was divided into two parts®®, one 
of which was then heated to 80°C for 20 min; it was considered that this treatment would kill any 
bacteria not forming spores but would not be drastic enough to change the physical nature of the 
mud. A quantity of sea/~water was similarly treated and then sterile and non-sterile mixtures of 
95 ml sea water and 5 ml of mud were prepared in 1-1. bottles. A known quantity of sulphide was 
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added to each bottle which was then shaken mechanically for 100 min; the sulphide remaining 
in each bottle was then determined. There was no significant difference between the amounts of 
sulphide oxidized in the sterile and non-sterile samples (Table 102) and it was concluded that the 
oxidation of sulphide in the estuary is predominantly of a chemical and not a biochemical nature. 


Table 102. Amount of sulphide oxidized in 100 min in sterile and non-sterile mixtures of sea water and 
surface mud at 22°C containing initially 28-8 mg sulphide 








ef Places Sulphide 
Experiment Condition | remaining after ae eae 
of water I ee an (per cent) 

i Sterile 715 we 
Non-sterile 7-47 74 
2 Sterile 7°48 74 
Non-sterile 7°48 74 
3 Sterile 9-8 66 
Non-sterile 9-9 66 


In subsequent similar experiments* only unsterilized material was used. The apparatus consisted 
of 16-0z bottles closed by waxed bungs fitted with one short and one long glass tube so that nitrogen 
could be bubbled through the bottles at the end of an experiment to sweep out any sulphide 
remaining. Each bottle contained 55 ml of solution and 505 ml of air. This air will have contained 
150 mg of oxygen, sufficient to oxidize 300 mg of sulphide to sulphur or 75 mg of sulphide to 
sulphate. As the solution normally contained about 12 mg of sulphide, and not all of this was 
oxidized, it was considered that the partial pressure of oxygen in any bottle would not change by 
more than 5 per cent. It was necessary to assume that any loss of sulphide in the bottles was due 
to oxidation in solution and not in the gaseous phase, but this was reasonable because the 
composition of the water had a very large influence on the quantity of sulphide lost by oxidation. 
It was also assumed that, with the degree of agitation afforded, the rate at which sulphide 
redissolved in the liquid phase as oxidation proceeded was high enough to have little effect on the 
results. All experiments were made at a temperature of 22°—23°C. 


RATE OF OXIDATION 


In studies of the rate of oxidation of sulphide a sample of water of low salinity was taken at 
low water near the entrance to the Royal Albert Dock and a sample of high salinity was collected 
at half-tide near Tilbury**. Both samples were filtered through Whatman No. 1 paper to remove 
coarse suspended matter before being used. 

A series of the bottles described, containing 50-ml samples of water and 5 ml of a solution 
of hydrogen sulphide, was fixed to a shaking-machine. Bottles were removed at intervals, the contents 
of each were acidified, and the sulphide was swept out and estimated. Values for the sulphide 
remaining after various times in the water of high and of low salinity are plotted on a logarithmic 
scale in Fig. 170. It may be seen that each series of points lies near a straight line—indicating 
that the rate of oxidation of sulphide probably depends on the concentration of sulphide when 
other factors are constant. Oxidation of sulphide was more rapid in the sample from ‘Tilbury than 
in the less saline sample. It was thought that this might be due to a difference in the concentration 
of iron present, as ferric iron is known to act as a catalyst. The sample from Tilbury contained 
0-32 p.p.m. iron and the less saline one 0:24 p.p.m., but some of this was present in colloidal 
suspended matter. 

To determine the effect of iron and suspended solids on the oxidation of sulphide a sample 
of water from Tilbury was treated with aluminium sulphate so that a floc formed. The water was 
filtered and then restored to its original pH value by addition of dilute sodium hydroxide solution. 
The iron content of the treated water was measured, and 0-07 p.p.m. ferric iron was added to a 
portion of it to restore its original value. To another portion of the original water 2 per cent of a 
Suspension of mud was added. The rate of oxidation of sulphide in samples of these three types 
of water was then determined (Fig. 171). 

Removal of the colloidal suspended matter from the estuary water appeared to reduce the rate 
of oxidation of sulphide, but when a trace of ferric iron was added the rate was nearly the same as 
in the original water. When the suspended-solids content of the water was increased by adding 
mud, a much higher rate of oxidation was obtained. 
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Fic. 170. Rate of oxidation of hydrogen sulphide Fic. 171. Effect of suspended matter 
shaken with estuary water in a closed bottle on rate of oxidation of sulphide in estuary 


The effect of mud was shown in a separate experiment. Quantities, up to 5 ml, of a suspension 
of mud containing 66 mg solids and 2 mg iron per ml were added to 50-ml samples of filtered 
estuary water. Sulphide was added and the amount remaining after 220 min was determined 
(Fig. 172). Successive increments of mud had a progressively smaller effect on the rate of oxidation. » 
This may have been due to the rate of solution of oxygen in the samples becoming limiting. 


EPPECTsORepH: Vieni 


The effect of pH value of the water on the proportion of sulphide oxidized in a given time 
was studied in experiments similar to those described above. It appeared that the rate of oxidation 
increased from pH 6-5 to 7-5 and then decreased again between pH 7-5 and 8-0. It was not 
possible to keep the pH value constant during these experiments without altering the composition 
of the water; in similar experiments using phosphate buffer solutions with 0-5 p.p.m. iron as 
catalyst an even greater variation of rate with pH value was observed (Fig. 173). 

It is not known why oxidation of sulphide proceeds most rapidly at pH 7-2—7-5, but it may 
be that the rate depends on the concentration of sulphide or hydrosulphide ions and on the concen- 
tration of catalyst ions. At pH 7-2—7-5 the concentration of these ions can be comparatively high, 
whereas at other pH values one or other may be present only in a very low concentration. 
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REDUCTION PROCESSES 275 


It is possible that the effect of mud on the rate of oxidation of sulphide observed in earlier 
experiments may have been due partly to a buffering effect of the mud rather than to an increase 
in the amount of catalyst present. This possibility, however, has not been investigated further as 
the main object of the experiments was to determine approximately the rate at which sulphide 
could be oxidized in the estuary. 


BEE OTNOFoR A TEOOR S UPEEY*? OF "OXYGEN 


Sulphide can be oxidized chemically in estuary water at a high rate: in one experiment*® half 
that initially present had been oxidized in about 1h and it seems that if the oxidation could 
proceed at such a rate in the estuary, sulphide would not remain for long in the water. However, 
dissolved sulphide has, at times, persisted in the estuary for many months (pp. 188-191); it is 
therefore clear that some factor must limit the rate of oxidation—this is now known to be the 
rate of supply of oxygen. 

Sufficient estuary water was placed in a carboy to make the ratio of the area of the exposed 
surface of the water to its volume the same as that of a river 30 ft deep. The water was stirred 
as fast as was possible without the formation of a vortex, so that the rate of transfer of oxygen 
at the surface would be high and any solids in the water would be kept in suspension. Hydrogen 
sulphide was introduced into the water which was then left for a few hours; after the dissolved oxygen 
had disappeared the content of sulphide was determined at intervals. Estuary water was added 
to restore the original volume and surface area of the water. In two experiments, in which the water 
surface was undisturbed, sulphide disappeared at a constant rate of approximately 0-24 p.p.m./h 
(Fig. 174). 
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Fic. 174. Rate of oxidation of hydrogen sulphide 
in estuary water when ratio of exposed surface area to 
volume of water is similar to that of a river 30 ft deep 


When air was blown over the water surface at a high rate from a jet, the rate of disappearance 
of sulphide was again constant but had increased to 0-68 p.p.m./h. When oxygen was passed over 
the surface, but more slowly than the air in the previous experiment, sulphide disappeared at a 
constant rate of 1-5 p.p.m./h. Because sulphide disappeared at a constant rate in these experiments 
(and much more slowly than in previous ones where the rate decreased with the concentration 
of sulphide) it was obvious that the rate at which oxygen dissolved in the water was limiting the 
oxidation of sulphide. Further evidence was that by increasing the turbulence of the air above the 
water and disturbing the surface, or by increasing the oxygen content of the air, the rate of oxidation 
of sulphide could be increased as much as six times—results that are supported qualitatively by 
the observed changes in concentration of sulphide in the estuary when the wind speed increased 
greatly (Fig. 123, p. 193). If the exchange coefficient in the estuary were 5 cm/h (see p. 347), 
the oxygen deficiency 10 p.p.m., and the water depth 30 ft, oxygen would dissolve at a rate equivalent 
to approximately 0-055 p.p.m./h—sufficient to oxidize sulphide to sulphur at a rate of 0-11 p.p.m./h. 
This is even lower than the lowest rate obtained in the above experiments which therefore justify 
the conclusion that the rate of oxidation of sulphide in the estuary would be limited only by the 
rate at which dissolved oxygen could be introduced into the water. 
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CHAPTER, 11 


Bottom Deposits 


In attempting to account for the extent of de-oxygenation of the water in different reaches of an 
estuary, the part played by mud and silt—while in suspension in the water and while stationary 
on the bottom—must be considered, and allowance must be made for any loss of oxidizable material 
as the result of deposition and dredging. Oxidizable organic solids enter the ‘Thames Estuary in 
sewage and industrial effuents, from the upper river and the tributaries, and from the sea. Large 
amounts of this material are carried to and fro by tidal action, and much of it settles to the bed 
at slack water to be eroded again during the ebb or flood of the tide. In some reaches of the estuary, 
in the tidal basin at Tilbury (see Plate 11, facing p. 49), and in the docks, the rate of deposition is 
greater than the rate of erosion, so that comparatively stable deposits of mud are formed. , 

To maintain the depth of water required for navigation, the Port of London Authority has, 
for many years, dredged large quantities of mud from the estuary and docks. Until recently, the 
main dumping ground for the dredging spoil was Black Deep (about 70 miles seaward of London 
Bridge). Some material was also dumped at Mucking Flats (32 miles below London Bridge) but 
this practice virtually ceased in 1956 when the disposal of dredgings ashore was started at a private 
contractor’s site at Broadness. During the spring of 1961, a site covering some 294 acres at Rainham, 
Essex, was brought into use by the P.L.A.! and in the succeeding 24 years about 60 per cent of all 
the spoil was pumped ashore and about 40 per cent was sent to Black Deep. In addition, sludge 
from the Northern and Southern Outfall Sewage Works of the London County Council is dumped 
in Black Deep. Part of the dredgings and sludge dumped outside the estuary may well later return 
to it (see also p. 324). 

The effect of these various types of organic solids on the oxygen balance in the estuary is thus 
clearly a complex one which it is difficult to study quantitatively since the material may at any time 
be stationary on the bottom or moving in suspension in the water, depending on the velocity 
of the current. 

From October 1949 to April 1950 (shortly after the start of the Laboratory’s survey) a detailed 
examination was made of the bottom deposits throughout the estuary. Samples were examined 
for their particle size and gross chemical composition and, in some cases, for the rate at which they 
were oxidized when in contact with estuary water (pp. 204-207). ‘To determine with accuracy the 
effect of suspended matter on the oxygen balance would have required a much more detailed survey, 
including observations of the movement of the material under different conditions of weather and 
flow. It was not possible to undertake an investigation of this kind, and the calculated effect of — 
insoluble matter on the distribution of oxygen is therefore likely to be less accurate than is that 
of matter in solution, the distribution of which is known with considerably greater certainty. 

In September 1959 a more cursory examination was made of the mud deposits in the central 
reaches to see if there had been any substantial change in their occurrence or composition since 
the earlier survey. 

Finally, in November and December 1959, core samples were taken in an attempt to determine 
how deep were the deposits and to examine any variation in composition with depth. 

In the present chapter the results of these surveys are reported in detail. Although some of the 
information given has little bearing on the effects of polluting discharges on the Thames Estuary, 
it is considered that all the information should be put on record so that other workers interested 
in the subiect of bottom deposits may have ready access to it. Where relations appeared to exist 
between various constituents of the deposits, they have been examined and discussed; these 
relations may or may not be of general application, but where similar work has been carried out 
by the Laboratory on other estuaries—mainly the Mersey—the results have been compared. 

After examining the nature and composition of the bottom deposits, some experimental work 
on the evolution of gas from mud is reported, and an estimate is made of the balance between the 
solid matter entering the estuary and that removed from it by dredging. 


THE SURVEY OF 1949-1950 
COLLECTION OF SAMPLES 


The samples were taken with a Van Veen grab2, of which the teeth had been modified and to 
which additional weights had been attached. On being brought to the surface, supernatant water 
was gently decanted from the sample which was then emptied on to a wooden board and divided 
into two parts, one for chemical and the other for physical examination. 
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From ‘Teddington to Mucking—a distance of 51 miles—the estuary is relatively narrow (the 


maximum 


width at high water being about 14 miles at Mucking) and samples of bottom deposits 


from this part of the estuary were taken at cross-sections at each statute mile above and below 
London Bridge. ‘The width of the river, between high-water marks, at each cross-section was 
divided into three equal parts, and a sample of the bed was taken from the centre of each third. 
Seaward of Mucking, where the estuary becomes much wider, samples were taken on a regular 
pattern at positions determined by observations with sextants. The grid used and the nomenclature 
of the sampling points are shown in Fig. 175. 
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Positions in Sea Reach where samples of bottom deposits were taken during winter of 1949-1950 
Crosses and figures along navigable channel indicate miles from London Bridge 


PHYSICAL NATURE 


Particle size 

In this chapter the standard classification of material according to the diameter of the particles, 
given in the appropriate British Standard Specification? and Table 103, is followed. Detailed results 
of the examination of the samples are given in Table 104; these results are considered in more 
detail in the continuation of the text on p. 287, 


Table 103. Standard classification of material by diameter of tts particles, 
and whether passed or retained by the two B.S. sieves referred to in this chapter 


SSS Se eS EE HES SS SS Ee 


Passed or retained 
ioral Particle size by B.S. sieve 
(mm) 
No. 7 No. 200 
Clay Less than 0-002 Passed Passed 
Fine silt 0: 002-0: 006 a 2 
Medium silt 0-006-0-02 - x 
Coarse silt 0-02 —0-06 5A ms 
Fine sand 0:06 -—0:2 es Mostly retained 
Medium sand 0:2- 0:6 +. Retained 
Coarse sand 0:6-— 2 . _ 
Fine gravel 2 - 6 Retained - 
Medium gravel 6 — 20 me - 
Coarse gravel 20 — 60 Pr be 
Cobbles 60 —200 a % 
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Each moist sample of deposit was first divided into two fractions by means of a No. 7 B.S. sieve, 
the particles retained then being further graded by sieving into the following fractions: fine gravel, 
medium and coarse gravel, and cobbles. Material passing through the No. 7 sieve was washed 
through a series of finer B.S. sieves; the material which passed through the finest of these 
(No. 200 B.S.) contained all the clay and silt, and also those particles of fine sand having diameters 
between 0-06 and 0-076 mm. The fraction passing the No. 7 sieve was further examined by the 
method of treatment and sedimentation used in soil analysis*. In this method, organic matter is 
removed by oxidation with hydrogen peroxide, and carbonates are removed by treatment with 
dilute hydrochloric acid; the particles are then separated into fractions by sedimentation in a 
solution of sodium oxalate which acts as a dispersing agent. Generally about a fifth of the dry 
weight was removed from the mud samples by the chemical treatment, but for deposits containing 
much organic matter the proportion was higher. 

The particle-size distributions of the sand fraction (determined by wet sieving) and of the silt 
and clay fraction (determined by sedimentation) were plotted on a single diagram. The mean 
particle size was then defined as that which divided the weight of material into two equal parts. 
It may be noted that physical analysis of the mineral part of a sample of deposit or suspended 
matter gives the size distribution of discrete mineral particles and does not indicate in any way 
the size of the aggregates of organic and inorganic material which comprise the flocs deposited 
and eroded by the tide. 

In Table 104 the mean particle size of material passed through the No. 7 sieve, for samples 
taken throughout the estuary, is given in Column 14; the weight of material retained by the 
sieve—that is, the gravel fraction consisting of particles more than 2 mm in diameter—is expressed 
as a percentage of the dry weight of the sample in Column 5. The weight of each fraction in the 
material which passed through the sieve is, in most cases, expressed as a percentage of the total 
dry weight of the constituent fractions of sand, silt, and clay. This method was adopted because it 
appeared that in many positions the presence of the larger particles (including, for example, cockle 
shells and pieces of coal) was fortuitous and apparently unrelated to the size distribution brought 
about by hydraulic grading. The bottom deposits at a few positions in the upper reaches of the 
estuary—marked with asterisks in the table—were typical of river ballast, containing a very small 
proportion of sand and silt; in these cases the proportion of the weight of material in each size 
interval has been expressed as a percentage of the total weight of the sample. For convenience, the 
size of the particles is expressed in millimetres when it was determined by sieving or sedimentation 
(Columns 7—14) and in inches when it was estimated visually (Column 4). 


General description 


Between ‘Teddington and London Bridge (a distance of 19 miles) the bed was generally hard, 
consisting of gravel, sand, and clay with very little mud. For 8 miles below London Bridge it was 
composed mainly of stones and clay, though there were some patches of mud at the sides. Almost 
the whole of the bottom between 9 and 17 miles* consisted of mud, the deposit being thickest 
between 10 and 15 miles; this was by far the largest deposit of mud in the estuary. From the seaward 
end of Erith Rands (18 miles) to the middle of Gravesend Reach (27 miles) the bed was usually 
hard, consisting of stones, flints, and clay, with some patches of mud on the north side of Long Reach. 
‘The seaward half of Gravesend Reach contained mud and sand, though at some positions the bottom 
was hard and sandy. The bed of the navigable channel in Lower Hope Reach (30-32 miles) was 
generally hard; gravel was taken from this part of the estuary, and there was mud in holes which 
appeared to have been made by ballast dredgers. On the north side of this reach, however, there 
was a considerable intertidal mud bank. In Sea Reach (beyond 32 miles) clay was found in places 
close to the northern shore, but most of the samples from the northern half of the reach contained 
mainly shells and fine sand. On the southern side of the estuary there were large areas of shells and 
sandy clay, but in the shipping channels most of the samples consisted of muddy sand containing 
pieces of clinker. ' 

In general, the particle size of material forming the bed of the estuary increased in a seaward 
direction. The distribution of size in Sea Reach is shown in Fig. 176. In this area the material 
forming the intertidal banks near the north and south shores of the estuary was generally much 
finer than that in the centre. It is clearly impracticable to average the data of mean particle size 
in Table 104 as very wide variations were found over even a short length of the estuary. 
Nevertheless, the general increase in particle size on proceeding towards the sea may be shown by 
grouping the data as in Table 105. 

The tendency for particle size to increase in the seaward direction persisted beyond the limit 
shown in Table 105; six samples taken between 54 and 72 miles below London Bridge on 29th June 
1950 had mean particle sizes ranging from 0-09 to 0:28 mm. 


* Distances are below London Bridge. 
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Fic. 176. Distributions of (a) mean particle size and (b) proportion of material passing No. 200 B.S.sieve . 
in samples of bottom deposits taken from Sea Reach in 1949-1950 


Figures refer to material passing through No. 7 B.S. sieve 


Table 105. Distribution of mean particle size of bottom deposits in estuary 
after passing through No. 7 B.S. steve, 1949-1950 
Number of results in each successive group of 20, taken from last column of Table 104, 


falling in different ranges. Largest figure in each group shown in bold type. 


' Approximate seaward limit of reach 
Mean (miles below London Bridge) 
















particle size 
(mm) 
10 21 50 
<0-01 3 
0-01-0-1 6 
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CHEMICAL COMPOSITION 


In Table 106 are given the individual results of the chemical examination of that part of each 
sample of bottom deposits that had passed through a No. 7 B.S. sieve. The distribution of some of 
the more important constituents is considered in the paragraphs which follow, but discussion of the 
relations between the various constituents is deferred until p. 301 when the results of the later 
surveys have been reported. 

The methods of analysis are described in the Appendix (p. 575). The figures for silica refer to 
the sum of the free and combined silica; those for oxides of iron and aluminium may include 
part or all of the equivalent of any phosphate present. 


Organic carbon 


In the survey of 1949-1950 it was found that the organic-carbon content of the bottom deposits 
almost everywhere between 8 and 18 miles below London Bridge was more than 3 per cent of dry 
weight (Fig. 177, p. 292) and one sample contained over 13 per cent. Seaward of 18 miles there 


were patches of organic mud, containing more than 3 per cent, particularly at the end of Gravesend 
Reach. 
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Table 106. Results of chemical examination of bottom samples (after passing through No. 7 B.S. 
steve) taken from estuary during winter of 1949-1950 


Physical analyses of the same samples are shown in Table 104 (pp. 280-286) 
| 7 | 


Oxides of tron and Pld M, : 
ne. alcium | Magnes 
aluminium : re dae ee 


ignition | carbon nitrogen (as S) \(as S10.) (as Fe,O, + Al,O;) (as CaO)| (as MgO) 
2—3 I 2S: 


ge Moisture Loss on | Organic | Oxidizable | Sulphide| Silica 
(miles below 
London Bridge) | content 
N=North _ |(Per cent ; | | 
M = Midstream of wet 


































































































S = South weight) (per cent of dry weight) 
—15M 24-3 Th, 53°3 25:9 PRD.» 0:7 
—14M 17-3 2-0 0-62 0-024 Nil 85-4 6-0 2°6 0°3 
—13M 26-1 6:9 554 25:3 2°3 0:8 
—13S 22:6 2:4 0:98 0-096 Nil 75-9 3° 2 1:9 0:3 
—10N 28-7 9-0 3-4 0:28 0-04 66°8 8-6 4-9 1-0 
—10S 21-9 4-8 1-8 0-23 0-02 82-8 5:4 2°6 0:6 
—9N 22-0 Bic 1 NE 0:10 0:03 88-8 6°5 1-9 0-6 
—7N 4-9 76:0 5:8 4-4 0:9 
—78 20-0 6-0 1-6 0-07 0-03 79°1 bt 5-4 0:5 
—6N 33:1 13-6 4-0 0-13 0-05 99*1 oe 8-2 1-1 
—6S Oil 4-7 1:8 0:07 0-06 76-7 Te) 3°2 0:9 
—5N 32-0 6-4 273 0-12 0-01 76°5 5-9 3-3 0:5 
—5S 26-4 5:6 2:8 0-05 0-02 79°2 4-7 Bi), 0-2 
—4N 23-0 3°9 cs 0-12 0-04 75:6 9-1 3293 0-3 
—3N 24-5 Sl 1-0 0-043 0-00 81-2 3°3 320 0:5 
—1N 34-6 6-7 op 0-11 0-02 59-1 14-9 3-6 0:6 
—15S CRI SES) Did OnT3 0-04 69-0 8-9 4-6 0:5 
1N 39:5 10:8 2528) 0-16 0:06 64:5 11-6 6°38 O-7 
1S 28:3 7-5 PRD) 0-24 0-03 68-6 11-6 5-3 0-6 
2N 58-9 14-4 3-4 0-34 0-05 49-9 15-6 7:6 1-1 
2M 28:7 4-6 0-44 0-034 Nil 60-0 23:3 iit 2 
3S 68-3 15-6 5-6 0:58 Om 53-1 16-4 5-9: 0:7 
4N 38-0 10-9 AIDS 0-15 0-06 70:0 9-8 520 0-7 
5N 44-2 8-8 235 0-14 0:16 72-8 725 4-2 0:7 
6M 29-5 5-8 0-71 0-048 Nil 64-9 15-0 3°53 0:6 
6S 58-1 15-6 55 0-50 0-38 hoy a5 6-2 0:6 
7™N 2343 4-6 Lag 0-072 0-03 70:5 11-6 4:5 0-4 
7™ 28:5 tye 0-31 0-055 Nil 40-7 SHS 21 0-4 
8N 53:8 19-0 9.3 0-40 0-38 61-2 8-1 5:0 0°7 
8S 54:5 13-8 Gon 0-29 0-16 53-4 18-7 6:8 0-9 
oN 60-1 ise STO 0-49 0-12 60-7 11-8 Bi, 1-0 
9M 62-6 18-3 6-0 0-64 0-10 45-8 18-8 6:2 1:4 
9S 58-6 2625801 1352 0-44 0:13 52-6 9-7 4-4 0-5 
10N 29-1 22-6 9-3 0-21 0:09 60°8 5:0 5:4 O=3 
10M 69-8 16-8 5-6 0-56 0-08 56:8 13°5 5°8 0-9 
10S 5553 13:8 2h 0:29 0-11 70°7 17-6 4-5 0-8 
11N 49-1 11-8 ok 0-22 0:06 56:0 17-4 51 0-4 
11M 74:2 20:9 This 0-384 0-23 44.9 Sa 5-1 ical 
115 40-0 12-8 5-8 0-22 0-14 73D 8-8 4-0 1-0 
12M 60-1 15:5 22 0-44 0-07 sso, 12-0 wl 0-6 
12S re 17-1 a} 0-61 0-29 49-6 ih7fop 5-3 0:7 
13N 68-8 16-9 8-5 0-41 0:28 52:6 10-9 S35 0-9 
13M 3175 16-0 6:8 0-34 0:06 53-8 12-5 Sy! 1-0 
135° a2 23°83 | 36:6 1-0 0-66 33:°"7 4-4 3°6 0:5 
14N 50:7 19-0 oD 0-28 0-32 34-0 30-1 3-4 0-7 
14M 51-0 12:4 ics) 0-21 0:16 59-3 11-6 4-7 0-7 
14S 58-9 15-6 3-9 0-50 0-09 54-5 12-0 Sg 0:8 
15N 65-4 12-6 Boe 0-32 0:19 DSS 14-5 6°3 0-9 
15M 61-8 17-2 4-8 0-40 0-18 eee) 14-6 5-4 oR 
15S 44-4 22°5 bps 0-21 0-09 70:6 5-2 4-7 0-4 
16N 58-1 15-2 3-9 0-28 0-20 50-3 15-0 5:6 2: 
16M 5235 15.9 3-4 0-28 0:19 48-0 1225 6-8 0-9 
16S 55:6 10-5 ee! 0:20 0-21 61:9 15-0 5:6 1-0 
17N 51-4 20-1 SOF) 0-33 0-16 57:8 9-1 525 0:8 
17M 58-4 17-4 6-1 0-28 0-06 54:1 12-0 7:0 0-1 
178 62-8 18-4 4-7 0-30 0-37 50-5 13-4 6:2 0:8 
18N 61-7 11-0 Pas 0-31 0-30 525 15-8 5-9 2 
18S 37-9 6:6 4-0 Oats 0-04 78-1 6:7 1-9 0-1 
19M 48-1 23-4 5°6 0-019 Nil 46-7 17-1 2°6 1-8 
20N 16°7 20-2 4°5 0-45 0-05 42°8 15-9 6:6 1-2 
20S 31:8 9-5 0-77 0-021 0-02 63°6 10-1 8-1 0:8 
21N rays 17-1 5:4 0-57 0-28 45-6 16-5 6°1 0-4 
21S 51:9 13-1 3-0 0-23 Nil 45-9 18-8 4-6 0-7 
22N 575 14-8 BACK 0-24 Nil 51-6 19-5 1:4 0-4 
22S 52-0 13-4 3°% 0-24 0-01 44-5 19-5 6:3 0-4 
23S 62-7 17-1 4-8 0-32 Nil 44-0 22-4 pI 0-5 














* The results for this atypical sample are not used subsequently when examining relations between various constituents. 
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Table 106 (continued) 





Oxides of iron and 


: : aluminium 
Position content | ignition | carbon nitrogen (as S) |(as S1tO,) (as Fe,0, + Al,0;) (asCaO)| (as MgO) 


Moisture| Loss on | Organic | Oxidizable | Sulphide| Silica Calcium | Magnesium 


(miles below (per cent 
London Bridge) | of wet 8 






























































weight) (per cent of dry weight) 
24N 33°38 13-6 0:62 0-063 0-01 49-4 1507 9-9 0-4 
245 50:4 10-4 2:8 0-15 0-02 51-9 22°7 sor 0-4 
27N 39°8 9-9 1-3 0-061 0-07 63-4 13-6 5-6 0-6 
27M 59-7 10:6 35 0:34 0-01 HOST 10:9 25 0:5 
275 66-7 15-0 Died 0:35 0-04 64-0 13'°2 4-0 0-4 
28N PSU ye 5-4 0:47 0:10 49-7 14-1 4:6 0-5 
28M 17-1 1-0 0-84 0-019 Nil 86-2 2:2 1-0 0:2 
29N 47-1 8-0 ile gy 0-25 0-15 69-7 5:3 4-4 0:7 
29M 66:7 14°4 3-1 0:19 0-04 57°5 10:5 5°4 1-2 
30N BQ 11-8 3°3 0:30 0:11 59-4 9:3 5:4 1-0 
30M 68-1 18:8 4-1 0-48 0:19 50d 14-4 5-3 At 
31N 56:0 11-2 1-6 0-20 0-06 68-5 ios 4-9 0-9 
318 68-9 17-8 3-9 0-053 0-31 54-9 er 5*3 1*5 
32M 52-0 8-0 15 0:19 0-12 70:9 7°3 393 0-6 
32S 2003 2-8 0:20 0-064 0-03 87-9 3-6 1:9 O33 
33N 25:8 5°8 0-19 0-054 Nil 81-6 5-1 4-4 0:2 
33M 33-0 4°8 0:60 0:19 0-05 195 5°7 37, 0:5 
338 56°1 11-0 2:36 0:26 0:06 67:0 9:3 4:6 1-1 
(see Fig. 175, 
p. 279) 
F2 32°8 6:8 1-4 0:088 0:01 77°5 4°5 4-4 0-4 
G3 49-0 9:6 DOT) 0-20 0:09 69-9 3:0 4-6 0:8 
F4 41-5 7:2 15 0:11 0-01 73 +4 6°5 4-7 0-7 
E5 24-1 4:5 0:47 0-026 0-11 80-6 5-1 4-9 0:5 
G5 48-2 8-8 2:0 0-13 0-14 64:9 7-5 4:7 0:8 
D6 38-5 6:6 1-3 0-08 Nil 74-4 9-1 4°4 0:9 
F6 S38 it 5-0 0:66 0-069 0:07 Vigfoi 6:5 4-2 0:6 
E7 S022 8:6 0:85 0:018 0:01 70:2 11-5 6:7 1+3 
G7 43-6 9-7 0:51 0:16 0-03 69°4 7:6 5-6 0-8 
F8 27:11 Bel 0-45 0:058 0-02 16097 3°5 See 0:5 
H8 30-0 28-6 1-0 0-071 Nil 26:7 4:2 17-5 0-9 
E9 30-7 6:4 0:84 0-045 0-03 THOS 6:9 Dil 0-7 
G9 46:7 9-6 iloy) 0-13 0:02 69:1 15 6-8 0:8 
F10 24-4 5°3 0:63 0-003 Nil 66:9 6-0 4-9 0-5 
Hi0 3553 7:7 0:73 0-090 0:03 (Bio)? 14-1 535 0:9 
E11 Sioa) 8-6 0:96 0-11 Nil 57:6 18-4 gl) 1-5 
Gi1 48-6 9:7 1:7 0-006 Nil 64-3 7°9 5-4 0-8 
Bi2 35-0 5:8 0-64 0-088 0-01 69-0 10:1 4-8 0:6 
D1i2 31-5 6-3 0:53 0-059 0:02 75:3 73 4-9 0:4 
F12 21s], 6:4 0:43 0-033 Nil 74:0 4:6 4-3 0:5 
H1i2 Bois 6°4 0:91 0-071 0-02 76:5 73 5-1 0°8 
C13 24:6 5-0 0-25 0:029 Nil 78:2 8:8 4-1 0°5 
E13 *| 47-4 9-4 2°5 0-15 Nil 53-3 16:8 4-3 1°7 
G13 52:8 10-6 Papa | 0-006 0-14 61-0 8-9 siete: 0-8 
B14 Shab ote) 6:6 0-82 0-058 0-01 68-9 16°5 6:4 0-6 
D14 45-7 9-4 thoy 0:15 0-00 54-0 22° 0 iho 0-7 
F14 PLSD) 6:8 die3 0-034 Nil 73-4 5+3 4-0 1-0 
H14 22-8 5-4 0:03 0-017 Nil 81:1 6:6 4-9 0:8 
C15 21-9 4:8 0:05 0-011 0-00 80°8 4-1 4-8 0-6 
E15 34-0 9:2 0-52 0-052 0:02 68-5 ilihoy/ 5-8 0-8 
G15 66:2 14-8 2:4 0:28 0-04 54:6 12-4 526 1-4 
ee 43-0 8:8 1:2 0-14 0-01 69-3 10-4 5-8 0:6 
B16 43-5 8:2 1:8 0-090 0-02 56:9 8-1 3°4 0:4 
D16 18-8 6:0 0-09 0-010 Nil 76:4 5-4 4-9 0:9 
F16 39-6 10:6 1-1 0:11 0-02 68-3 10-5 4-6 0-6 
H16 39-0 7°8 0-85 0-084 0-04 or 7:6 5-7 0-6 
C17 21:0 8-2 0:17 0-017 0-00 82:7 2:8 2:9 0:4 
E17 21:8 4°6 0-05 0-010 Nil 73°5 | 4-4 4:2 0:9 
G17 47-0 10-0 1:4 0-14 0-20 60-9 5:8 4-9 0-5 
J17 36°6 7:4 0-79 0-081 0-02 74:5 6:5 5°7 0-3 
Q17 46-4 10:5 1°5 0:16 0-03 60:3 13>7 6-0 1:4 
B18 24°8 8-2 0-39 0-052 0-01 72°4 5:0 6:4 0°5 
D18 24:5 7°4 0°85 0-03 0-00 76:5 4-9 7:0 0-8 
F18 19:5 7:0 0:14 0-007 Nil 79°22 3-6 4:0 0:8 
H18 21:4 4-0 0:71 0-052 0-03 81-6 4-3 4-0 0-3 
K18 36°6 8-9 1-1 0:10 0-21 68°8 8:6 6:0 0-8 
C19 25°8 Sh 0-14 0-055 0-11 qT, 5-4 4-9 0°5 
E19 21-5 4:6 0-29 0-027 Nil 79:7 4°5 4°3 0-3 
G19 27:6 5:4 0:58 0-054 0-04 75:0 6:9 4-3 0:4 
Ji9 23-9 A:5 0-41 0-025 Nil 78°7 5:3 4-7 0-6 
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Table 106 (continued) 































































































































; | | 
Moisture| Loss on | Organic | Oxidizable 7 ili Onides of ton anc i, : 
Position content | ignition | carbon | nitrogen hae ay cane ) Spo gli nian ee ont 
(see Fig. 175, | (per cent y Reals se) Nias BR te 
p. 279) of wet 
weight) 
(per cent of dry weight) 
L19 38-2 7:2 0-83 0-090 : ° 
Q19 42-4 9-4 0-87 0-10 og me ie are ae 
D20 20:8 4-6 0-38 0-062 Nil 81-1 Fey Ae ie 
F20 PRE 5-0 0-35 0-021 Nil 80:7 4:2 a a 
‘a ata ue 0:49 0-032 0-01 74:9 4-9 a Aa 
. 6 0:73 0-036 Trace 78°7 3°3 ; 
M20 41-0 8-6 ibod| 0-081 4a . ae ie 
C21 21-5 12-2 0-06 0-029 Nil. a . a ae 
E21 O73 11-0 1-8 0-026 0-00 70:6 6:0 Ae ne 
G21 21°5 4°8 0:50 0-019 0-00 82-2 4-2 iy oe 
J21 38-4 8:4 0:58 0-026 0-02 71-6 8-0 4p or 
L21 25:5 5-2 0:78 0-007 0:02 80-0 9:5 ae 
D22 19-8 4-4 0°39 0-017 Nil 80-1 5:4 bas a 
nes ed ae a 0-001 0-00 72:3 3-6 8-4 ae 
é 3 ; 0-18 0-01 F : 
K22 20-4 8-0 0:28 0-051 a one ca Ae ae 
Ae a ile 0-30 0-028 0-00 69-4 3-9 ei ie 
. 4-1 0:08 0-016 Nil , , 
G23 24-9 4-7 0:16 0-019 0-00 as Ap 6 ie 
J23 22°8 6:4 0:17 0-031 0-00 76-1 4-1 SS He 
1.23 19-4 13-2 0-21 0-014 Trace 70:8 . iv a 
N23 26-4 71 . : rat ae We 
0:38 0-045 0-00 57°5 7:8 7°83 
D24 22:8 6:4 0-08 0-021 0-01 77°8 4-3 6:4 a 
F24 21-0 3°6 0-24 0-001 Nil 79-4 2:9 4-4 i 
H24 39-6 8-3 0-64 0-078 0-08 WAG] 3:8 O- on 
K24 17-9 4-4 0-10 0-028 Nil 89-1 Soy) 4-1 6 
ie io 0-11 0-020 Nil 81-9 4-2 4-1 wy 
. : 0-20 0-11 Nil ; . : 
G25 22°0 4°6 0-05 0-013 Nil a oF ie iw 
J25 39-7 9=2 0-90 0-076 0-08 69-7 8:0 6:2 ie 
25 27-1 7:0 0-4 0-045 Nil 69-6 6-2 6:6 ae 
N25 28:8 8-6 0:35 0-046 Nil 53-9 25. i. 
B26 27-1 4-8 : : Ni ah He is 
0:27 0-032 Nil 79-5 4-1 4°5 0:4 
D26 19-5 3°6 0-21 0-014 Nil 79-6 4-6 UP 
F26 22:2 12-8 0-57 0-021 Nil 65°4 4°5 10-4 nee 
H26 33-0 6-0 1-3 0-003 0:03 63-4 9-7 6:2 st 
K26 22:7 17:9 0-62 0-026 0-00 65-6 11: fe 
M26 24-2 8: . : i : oo ne 
8 0-54 0-001 Nil 68°5 3-7 UU 0:6 
P26 25-2 8-9 0-51 0-039 Nil 67-0 6:6 8-9 
A27 26:8 4-0 0:54 0-037 Nil 78:8 4-6 3°7 Ag 
C27 19-4 3°5 0-04 0-016 0-00 76:6 4-1 3°3 nt 
E27 20-0 8-3 0-04 0-006 Nil 78:7 3-6 a: a 
G27 23-0 4-6 0:08 0-003 Nil 78-7 4-1 4-7 has 
J27 41-4 736 shee 0-073 0-11 69-9 6:6 5:5 - 
127 22°7 13-4 0:67 0-001 0-00 59-9 4:0 10°5 ae 
N27 21:8 5:8 0-31 0-028 Nil 68-0 S107 5:0 ae 
Q27 8-0 14:8 0-11 0-018 Nil 54-9 8:2 11-3 re 
X28 28-0 5°5 0-29 0-044 0-01 84°8 7:0 4-5 i 
B28 20:4 3-6 0-12 0-010 Nil 80-1 3°1 3-9 0:0 
D28 21-2 302) 0:07 0-006 Nil Hikers: 3°3 3°4 es 
F28 21°5 4-4 0:10 0-001 Nil 795 13-1 8-9 he 
H28 46:0 8-1 0:98 0-11 0-07 O71 8-1 6-1 ty 
K28 26:1 8-0 0-31 0-034 0-01 70:2 4-7 6:6 0-5 
M28 26:3 IES 0:47 0-030 0:00 73-4 7:6 6:1 0-5 
P28 24+2 9-2 0:39 0-022 Nil 71-0 3:1 7°9 0-5 
C29 21-9 4-2 0-08 0-009 Nil 80-0 3-4 3°7 0-1 
E29 21-0 3°5 0-04 0-011 Nil 84-0 3°6 4-0 0-3 
G29 24-4. 8-0 0:75 0-024 Nil 65-8 5:6 9-3 0-1 
J29 49-6 11°5 0:98 0-11 0-07 56:1 15°8 6-1 1-7 
L29 23-9 9-7 0-54 0-013 0-00 69-7 6:4 8:1 0-4 
N29 29-6 6:8 0°38 0-040 Nil 67-6 11-2 3-9 1-1 
Q29 ate2 6°8 0:30 0-027 Nil 53em 27-0 Te? 1-0 
D30 20-3 4-2 0-05 0-008 Nil the Th 3°8 4-3 0-2 
F30 19-4 4-1 0-64 0-019 Nil 79-9 4-3 4-1 0-3 
30 48-8 9-4 jhe 0-10 0-06 62°7 9:5 5:6 i Viare 
K30 22-5 8-6 0-86 0-004 Nil q2=2 3:1 7°7 0.4 
M30 34-2 8-1 14! 0-04 0-01 68:5 10-8 6:9 0-5 
P30 32-2 6:8 0-29 0-037 0-00 66°8 14-0 3.6 0:5 
L31 27°8 7°6 0-80 0-047 0-01 69-5 3°3 6-4 0:7 
N31 28-4 ip? 0-77 0-006 Nil 65-2 10-8 5°5 0-4 
ke oe 7:6 0:33 0-054 0-00 59-0 19-8 4-2 0:5 
Be scidor : 7°83 0:54 0-055 0-00 64-2 10°3 6°8 0-4 
Sheppey 18-3 6°8 0:17 0-028 Nil 55°8 25:3 5-1 2:2 
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It has been stated that at certain times, when the flow of fresh water into the estuary is 
very high, mud is scoured from the reaches near the L.C.C. outfalls and part at least is deposited 
in Gravesend Reach; such a movement was observed on one occasion during these surveys but 
no quantitative observations were made. 
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Fic. 177. Organic carbon in bottom deposits during winter of 1949-1950 


Shaded areas show deposits containing more than 3 per cent of dry weight of samples after passing through 
No. 7 B.S. sieve 


Numbers indicate miles from London Bridge 


In the 10 miles between Mucking and Southend, the proportion of organic matter in the bottom 
deposits was less than that upstream, the proportion of organic carbon never reaching 3 per cent. 
Seaward of Southend the deposits contained comparatively little organic matter; the highest 
contents of organic carbon (1-2 per cent) were found in muds from the deep channel which runs 
seaward from the northern side of the Nore Sand. 

The occurrence of even moderately high concentrations of organic carbon—or of pronounced — 
variations along the length of an estuary—is not necessarily the result of discharges of sewage or 
industrial wastes, since it has been observed* that comparable conditions can occur in unpolluted 
estuaries. Thus it cannot be concluded that the deposits of organic matter in the reaches of the 
Thames Estuary centred on the main sewage outfalls are directly related to the discharge of sewage 
effluent; in the Mersey Estuary’, which receives large volumes of crude sewage, the chief deposits 
of mud are found some 9 miles upstream of the centre of gravity of the discharges. 


Other constituents 


In an estuarine system, the highest proportion of organic matter is generally found in those 
bottom deposits which contain the greatest amount of fine particles of clay*. Thus a sample with 
a high content of organic carbon will usually contain a comparatively small proportion of silica, 
will have a small particle size, will contain a comparatively large amount of organic nitrogen, and 
will necessarily have a high loss on ignition. These general relations, which hold for the samples 
taken from the Thames Estuary (as can be seen from Tables 104 and 106), are examined in more 
detail on pp. 301-307. In undisturbed deposits containing a large amount of organic matter, 
conditions a short distance below the surface were usually anaerobic and the deposits contained 
sulphide. When the water contained dissolved oxygen, sulphide was oxidized in the top layer of the 
deposit, perhaps to a depth of 4 in.; but, when the water contained no oxygen in solution, sulphide 
was present in the surface layer of the deposit which was then black. 'The highest concentrations 
of sulphide in the Thames usually occur in those deposits containing the highest concentrations 
of organic matter. 

In Fig. 178 the average values for various constituents of deposits in successive 5-mile reaches 
are shown. The irregularities between 20 and 25 miles below London Bridge are due to the fact 
that the bottom consisted largely of hard clay at the time of sampling. 

Although the highest proportions of organic matter are normally found in those deposits 
containing the greatest amount of clay and having the smallest particle size, the ratio of organic 
matter to clay in ‘Thames deposits differs markedly in different parts of the estuary. The variability 
is much greater than was found in the Mersey Estuary* where the mud occurred mainly as a single 
large deposit in which the amount of organic matter present depended (within quite narrow limits) 
on the proportion of clay in the deposit. In Fig. 179 the average organic-carbon content has been 
plotted against the average percentage of fine particles for two groups of deposits, one taken 
upstream and the other downstream of Mucking (33 miles). It is clear that a given amount of clay 
is associated with a greater amount of organic matter above Mucking than below it. Relations 


between particle size and’ contents of organic carbon, moisture, and oxidizable nitrogen are shown — 
in more detail in Fig. 180. 
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Fic. 178. Variation in composition of bottom deposits in estuary 
with position of sampling, 1949-1950 


Samples passed through No. 7 B.S. sieve before analysis 


Qo Above Mucking 


@ Sea Reach 





NO 








ORGANIC CARBON 
(per cent of dry weight) 











>) 


2 40 60 80 100 
PERCENTAGE OF MATERIAL PASSING 


No, 200 B.S.SIEVE 


Fic. 179. Relation between organic carbon and material passing 
No. 200 B.S. sieve 


Percentages are of material passing No. 7 B.S. sieve 


DEPOSITS IN DOCK SYSTEMS 


A considerable quantity of mud is deposited in the extensive dock systems connected to the 
estuary. Since a substantially constant depth of water is maintained by dredging in these docks, 
all the material deposited and remaining unoxidized is sooner or later removed and is dumped 
outside the estuary. The composition of the material dredged is therefore important in considering 
the balance of gains and losses of solid matter and oxidizable material within the estuary system. 
Average results of analysis of a few samples taken from the three main dock systems are given in 
Table 107 where the figures for the three systems are seen to be similar—except that those for 
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ORGANIC CARBON 
(per cent of dry weight) 


MOISTURE CONTENT 


(per cent of wet weight) 








030 40 60 80 100 


OXIDIZABLE NITROGEN 
(per cent of dry weight) 


Miles from London 
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Bridge 


14 above to 5 below 
8-18 below 
Zines 
33-40 
40-45 
45 -50 





100 


PERCENTAGE OF MATERIAL PASSING No. 200 B.S. SIEVE 


Relations between material passing No. 200 B.S. sieve and (a) organic carbon, (6) moisture content, 


and (c) oxidizable nitrogen, for samples of Thames bottom deposits taken in 1949-1950 


Percentages are of material passing No. 7 B.S. sieve 


the magnesium content and the proportion of inorganic material present as sand are noticeably 
lower in the sample from the Surrey Docks. The material deposited in the docks contained a greater 
proportion of fine particles and had higher contents of moisture and of organic matter than did 
most of the deposits outside. The reason for this is, no doubt, that the water which flows or is 
pumped into the docks, and from which the mud is deposited, is not taken from near the bed, 
and enters mainly at about the time of high water—when much of the heavier material transported 
in the estuary will have settled to the bottom. 


Table 107. Average results of chemical and physical analyses of samples 
of deposits from three dock systems in 1950-51 


Analytical results expressed as per cent of dry weight unless otherwise stated 





Date 
Position of dock entrances (miles below London Bridge) 


Analysis of sample after passing through No. 7 B.S. sieve 


Number of samples included in average 
Moisture content (per cent of wet weight) 
Organic carbon 

Oxidizable nitrogen 

Sulphide (as S) 

Silica (as SiO,) 

Sesquioxides (as Fe,O, + AI,Oz3) 
Calcium (as CaO) 

Magnesium (as MgO) 

Loss on ignition at 800°C 


Analysis after removal of organic matter and calcium salts 


Sand 

Coarse silt 

Medium silt 

Fine silt 

Clay ; 

Mean size cf’particles (mm) 
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THE SURVEYS OF 1959 


GRAB SAMPLES 


On 21st-23rd September 1959 the bottom deposits from 8 to 18 miles below London Bridge 
were sampled at, as nearly as possible, the same 33 positions as in the earlier surveys. The methods 
of sampling and analysis were also the same as before. In Table 108 the results of this survey are 
compared with the corresponding ones of 10 years previously. 

Examination of the descriptions of the bottom deposits shows that, at the 33 points examined, 
mud was present in both surveys at 13 points, and absent in both at 5 points; at no point was mud 
found in 1959 where none had been found 10 years earlier, but at 15 points it had disappeared. 

At the 13 points where mud was present in both surveys, the moisture content was generally 
greater in the later survey, and this suggests an increase in the proportion of organic matter. 
Nevertheless, when the 13 sets of corresponding figures for carbon, nitrogen, and loss on ignition 
in Table 108 are averaged, they indicate a decrease rather than an increase; the reason for this 
disparity is not known. The changes are not great in comparison with their variability, and the 
only change of any statistical significance is a doubling of the average sulphide content of the mud 
deposits from the first to the second survey. This difference is attributed to the fact that in the 1959 
survey all the samples were taken in September, while the average month of sampling in the earlier 
survey was January, at which time very much less sulphide is to be expected (Fig. 120, p. 191). 

Little is known about the stability or mobility of mud deposits, and all that it seems reasonable 
to conclude from the second survey is that the extent of the mud deposits in the reach from 8 to 
18 miles below London Bridge was substantially less than 10 years previously—although it is 
possible that this might be due to seasonal fluctuations rather than to a systematic change. 


CORE SAMPLES 
Collection of samples 


A series of core samples of the deposits between 9 and 15 miles below London Bridge was 
taken on 24th-26th November and 7th December 1959, using a Livingstone core sampler’®, kindly 
lent by the Freshwater Biological Association. This instrument consists essentially of a hollow 2-in. 
tube, initially closed at the lower end by a plunger which is released when the sampler is in position 
and is then kept at a constant level while the tube is pushed down into the mud; after withdrawing 
the tube the sample is extruded from it. Each sample obtained in this way was placed on a polythene 
sheet in a tray, and the sheet was immediately wrapped round the core and sealed to prevent 
evaporative losses before examination at the Laboratory. 


Examination 


Each core was cut into sections before examination; these sections were generally representative 
of the first 6 in. below the mud surface and each successive 12 in., but when there were obvious 
changes in composition the lengths of the sections were adjusted so as to examine separately these 
different compositions. Each section was weighed and then sieved on a No. 7 B.S. sieve; the stones 
and other coarse material remaining in the sieve were washed and weighed. On the material passed 
by the sieve, duplicate determinations were made of the contents of moisture, organic carbon, and 
oxidizable nitrogen; a single determination was made of the loss on ignition at 800°C after drying 
at 110°C. The density of a number of the sieved sections (selected so as to cover the complete range 
of moisture contents) was determined by the density-bottle method. 


Results 


Detailed results are shown in Table 109 where the descriptions of the grab samples, taken in the 
two earlier surveys, and most nearly corresponding in position to the core samples, are included 
for comparison. The longest single core that could be obtained with the sampler was 41 in. Cores 
such as No. 6 were made of two samples taken, from different depths, at as near the same position 
as possible, and pairs such as Nos. 21 and 22 were attempts at obtaining identical core samples. 
Only the average values of the duplicate determinations are shown, but the differences between 
duplicates for every third sample have been examined for reproducibility. The average difference 
between duplicate determinations of the moisture content was found to be 0-5 per cent of the 
wet weight, or 1-2 per cent of the mean moisture content of the individual samples. The results 
for content of organic carbon (determined on wet samples but expressed in terms of dry weight) 
showed an average difference of 0-3 per cent dry weight, or 8 per cent of the mean contents of the 
individual samples. The corresponding difference between figures for the total oxidizable nitrogen 
was 0-015 per cent dry weight; after exclusion of those samples containing less than 0-2 per cent 
nitrogen (for which the percentage error was excessively high) this difference amounted to 4-4 per 
cent of the mean values of the individual samples. 
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Variations with depth 


Some of the samples were of fairly uniform composition and it was generally difficult to decide, 
either from the appearance or from the chemical composition, whether the bottom of the core 
represented the natural bed of the estuary; at each sampling position the tube was forced into 
the deposits as far as was possible, but it is likely that on many occasions the natural bed was not 
reached. In the upper 2 ft, there was surprisingly little variation in composition with depth. This is 
shown by Table 110 where the results for all the samples complete in analysis of particular 
constituents down to a depth of 24 in. have been averaged, the composition being assumed to 
be uniform throughout each section of the core examined. 

The results in the last three columns of Table 110 show no marked variation in organic 
composition with depth; nor was there consistent variation in the proportion of material retained 
by a No. 7 B.S. sieve. The figures for moisture content (supported by those for the specific gravity 
of the wet material) suggest, as would be expected, that the deeper the deposit the less water it 
contains. Finally, the figures for the specific gravity of the dry material—as calculated, by means 
of Equation 78 (p. 312), from that of the wet material and the corresponding figures for moisture 
content—show no increase with depth, but these figures are the averages for only three samples, 
including one in which the 12-24 in. section was not sub-divided. Some samples showed marked 
striations, particularly Core 9 where layers of sand alternated with layers mainly of wood fibre. 


Table 110. Average composition of successive 6-1n. sections of core samples of bottom 
deposits 9-15 miles below London Bridge, March—December 1959 













Number of 


: 16 16 
cores examined 


Material passed by No. 7 B.S. steve 
Proportion 


of material 
retained by 
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eect No. 7 B.S. Moisture gravity Loss on Organic Oxidizable 
Gn ) sieve (per content of ignition carbon nitrogen 
: cent of wet (per cent material 
weight) of wet a 
igh 
ee Wet | Dry (per cent of dry weight) 
0-6 51-4 1235) 8255 12°8 73:8 0:28 
6-12 49-7 1-40 | 2-52 1351 4-2 0:29 
12-18 44-5 1590255 12-0 3°3 0-26 
43-3 3-6 









Differences between duplicate samples 


Cores 5, 18, and 22 were taken immediately after 4, 17, and 21 respectively, without alteration 
of the position of the boat. Examination of the analytical results for these three pairs of samples 
suggests that there is as much variation between the composition of two cores taken not more than 
a few feet apart as there is along the length of a single core. ‘The most marked difference found was 
that between the figures for oxidizable nitrogen in Cores 17 and 18; four sections in the former 
gave figures ranging from 0-15 to 0-23 and in the latter from 0-07 to only 0-18 per cent. 


RELATIONS BETWEEN CONSTITUENTS 


It is to be expected that certain general relations will exist between the majority of the various 
constituents of the bottom deposits examined. For instance: the greater the moisture content the 
less the specific gravity of the wet material is likely to be, the more the silica the less the organic 
fraction, and the more the organic carbon the greater the loss on ignition. Many other relations 
exist, at least some of which may be considered fortuitous; thus if Constituents A and B separately 
depend on Constituent C then there will be a relation between A and B, although neither may be 
dependent on the other. Some of these relations have been examined, and in some cases have been 
compared with corresponding results for other estuaries. Most of these relations are general rather 
than specific—they are obtained from the grouping and averaging of a large number of experimental 
results and are not necessarily applicable to individual samples. 
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RELATIONS WITH PARTICLE SIZE 
Silica, Fig. 181(a) 

Clean sand consists almost entirely of silica, whereas clay is an aluminosilicate often containing 
combined ferric oxide. Thus the silica content may be expected to increase as the particle size 
increases from that of clay to that of sand. ‘This is seen to be generally so from Fig. 181(a) where 
each plotted point represents the average value of all the relevant data from Tables 104 (pp. 280-286) 
and 106 (pp. 289-291) falling within the particle-size ranges shown by the vertical guide lines— 
except for the point at 0-00115 mm which includes sizes down to 0:0008 mm. (The mean particle 
sizes for all but one of the relevant samples quoted as <0-0012 mm in Table 104 have been estimated 
by plotting the proportion of material present in the clay fraction against mean particle size for all 
those samples smaller than 0-005 mm and interpolating or extrapolating for the samples given as 
<0-0012 mm but for which the proportion of clay was known.) ‘The spread of the individual 
values may be illustrated by stating that the silica contents of the 72 samples in the 0-1-0-25 mm 
group ranged from 34 to 89 per cent, and those of the 7 in the 0-25-0-5 mm group from 50 to 
88 per cent of dry weight. 
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Fic. 181. Relations between mean particle size and (a) silica content and (b) moisture content, of samples of 
Thames bottom deposits taken in 1949-1950 


Samples passed through No. 7 B.S. sieve before analysis 
Numbers against plotted points show numbers of samples used in averaging 


Moisture content, Fig. 181(b) 


The relation between moisture content and mean particle size, shown in Fig. 181(b), is less 
definite than that for silica and particle size—largely owing to the point relating to the smallest 
particle sizes for which the eight individual moisture contents varied between 29 and 58 per cent. 


Organic carbon and oxidizable nitrogen 


The relations between the contents of both organic carbon and oxidizable nitrogen and the 
proportion of material passing a No. 200 B.S. sieve, which is one measure of particle size, have 
already been examined in Figs. 179 (p. 293) and 180 (p. 294). 


RELATIONS WITH SILICA CONTENT 


In Fig. 182 are shown the relations found between various constituents and the silica content 
or, more correctly, the total content of silicon expressed as silica. The encircled points, and the 
continuous lines joining them, refer to the 1949-1950 surveys and are derived from Table 106 
(pp. 289-291). The broken lines refer to deposits in the Mersey! and the closed circles to those in 
other estuaries* examined in 1933-37. The crosses, based on Table 108 (p. 296), are for the grab 


samples of bottom deposits,in the Thames taken in 1959. (No inorganic analyses were made of 
the core samples.) 
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. 182. Relations between contents of silica and other constituents of grab samples of estuarine 
bottom deposits 
Percentages are of material passing No. 7 B.S. sieve 
All constituents (except moisture) in terms of dry weight 


Thames Estuary, continuous lines and open circles (1949-1950), crosses (1959); 
Mersey Estuary, broken lines; other estuaries, closed circles 


Numbers against plotted points show number of samples used in averaging 
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Moisture content, Fig. 182(a) 


Almost the same relations between moisture and silica contents are seen to have been found in 
the Thames and Mersey. The combination of all the data suggests a linear relationship, such that 
the sum of the moisture content (per cent of wet weight) and the silica content (per cent of dry weight) 
is equal to 105. The applicability of this relationship to individual samples is examined in the 
next paragraph. 


Loss on ignition, Fig. 182(b) 

A single straight line represents, almost perfectly, the relation between the loss on ignition and 
the silica content for both the Thames and Mersey. From the closeness of fit it would be expected 
that it should be possible to predict the silica content of a sample from an equation relating it to 
the loss on ignition: 


Sa’ = 95-531, (72) 


where Sa’ is the silica content predicted from the measured loss on ignition, J, and both figures 
are in per cent of dry weight. Alternatively, the silica content should be calculable from the 
moisture content, M (per cent of wet weight), using the equation 


Sa’ = 105-M, (73) 
or from the mean of these two equations: 
Sa’ = 100—3(M+3]). (74) 


However, such predictions are far from accurate, since by calculating the error in predicting the 
silica content of individual samples, Sa’—Sa, where Sa is the silica content as determined, it is 
found that large discrepancies exist; this is shown by Table 111. 


Table 111. Distribution of errors in predicting, from Equations 72-74, the silica content 
of the bottom deposits examined in Table 106 (pp. 289-291) 


Numbers in table are percentages of total number of determinations 














: Range of errors, regardless of sign (per cent of dry weight) 
Equation 
No. | : 
0-5 | 5-10 | 10-15 | 15-20 | 20-25 | 25-30 | 30-35 , 35-40 | 40-45 | 45-50 
72 59 20 $ 0 
73 36 34 $ 4 
74 54 254 0 0 


It is seen that Equation 72 gives the silica content to within 5 per cent of dry weight for about 
three samples in five; it may therefore be considered that this equation is of some value in estimating 
silica contents of bottom deposits from the more readily obtained figures for loss on ignition; 
however, it must be emphasized that for some samples the results of such an estimation are entirely 
erroneous—about one sample in fifty gave predicted values for the silica content differing by over 
30 per cent of dry weight from those obtained by analysis. Equations 73 and 74 are less accurate 
than Equation 72. 


Organic carbon and oxidizable nitrogen, Fig. 182(c and d) 


The variations in organic carbon with silica are seen to be much the same in the Thames, 
Mersey, and other estuaries. Although substantially the same relation appears to apply to both 
polluted and unpolluted estuaries, this does not indicate that none of the organic matter in the 
bottom deposits of polluted estuaries is associated with the pollution, since the addition of organic 
matter will lower the proportion of silica present. The content of oxidizable nitrogen varies with 
silica in much the same way as does the organic carbon. 


Inorganic constituents, Fig. 182(e-h) 


The sulphide content of the upper layers of the deposits, as Mentioned on p. 295, may be 
expected to depend on the time of year, so that the discrepancy between the results ite the two 
surveys shown in the figure may be attributable to this cause. The highest sulphide contents are to 
be expected when there is most organic matter present and hence when the silica content is least. 

The sesquioxide content, which is indicative of the proportion of clay present, was found, 
for samples of approximately the same silica content, to be substantially lower for deposits in the 
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Thames than in the Mersey; no detailed examination has been made to try to account for the 
difference. Part of the determined contents of magnesium will have been derived from the saline 
water evaporated in drying samples. The magnesium content of sea water of salinity 35 g/1000 g is 
about 0-13 per cent®. T’he contribution from this source to the determined magnesium contents 
of the deposits was examined for every tenth sample listed in Table 106 (pp. 289-291), allowance 
being made for the moisture content and for the average salinity at the point of sampling. It was 
found that, on average, an eighth of the magnesium content was attributable to the presence of 
saline water in the moist samples. 


RELATIONS WITH MOISTURE CONTENT 


In Fig. 183 are shown the relations between moisture content and several other constituents. 
Data for the core samples are included, but no results are given for other estuaries. Discussion of the 
relation between moisture content and specific gravity is deferred until p. 312. 
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MOISTURE CONTENT (per cent of wet weight) 


Fic. 183. Relations between moisture content and other constituents of samples of Thames bottom deposits 
Percentages are of material passing No. 7 B.S. steve 
All constituents (except moisture) in terms of dry weight 
Open circles, grab samples (1949-1950); crosses, grab samples (1959); closed circles, core samples (1959) 
Numbers against plotted points show number of samples used in averaging 
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Loss on ignition, Fig. 183(a) 
The encircled points in (a) show the averaged values obtained in the 1949-1950 survey, and 
the continuous curve is a regression line fitted to these points and having the equation 


I' = 4-2 + 0-045M + 0-00222M2, (75) 


where J’ is the predicted value of the loss on ignition (per cent of dry weight) and M the determined 
moisture content (per cent of wet weight). The core samples, represented by closed circles, show a 
rather greater loss on ignition for the same moisture content than was obtained in the earlier survey. 


Organic carbon and oxidizable nitrogen, Fig. 183(b and c) 


The contents of organic carbon and oxidizable nitrogen are seen to increase in a fairly regular 
manner with the moisture content, but the analysis of core samples showed somewhat higher 
contents of both organic carbon and oxidizable nitrogen (for the same moisture content) than in 
the earlier survey. 


Inorganic constituents, Fig. 183(d-f) 


The deposits with the greatest moisture contents contained the greatest amounts of sesquioxides ; 
this is to be expected from Fig. 182(a and f) since the moisture content decreases with increasing 
silica content, and smaller amounts of sesquioxides are present at higher concentrations of silica. 

The calcium content is the only property examined which appears to be unrelated to the 
moisture content. 


RELATIONS WITH ORGANIC-CARBON CONTENT 


The two constituents most likely to be closely related to the content of organic carbon are the 
loss on ignition (which is due largely to the combustion of organic compounds) and the oxidizable ~ 
nitrogen (which is mainly in chemical combination with the organic carbon). Relations between 
these factors are shown in Fig. 184. 


Loss on ignition, Fig. 184(a) 

All the individual data for samples containing less than 10-3 per cent organic carbon in the dry 
material have been plotted (only seven atypical samples, containing up to 30-8 per cent, are thus 
omitted); the regression equation 


I’ = 5-95 + 1-82C (76) 


gives the predicted value I’ of the loss on ignition of the samples taken in the 1949-1950 survey 
in terms of the carbon content, C, when each is expressed as per cent of dry weight. In calculating 
the line the results for Sample H8 (containing 1 per cent organic carbon but with a loss on ignition 
of nearly 29 per cent) and for Sample 13S (for which the experimental value for the organic carbon 
exceeded that for the loss on ignition) have been omitted, but Sample 9S—the only other sample in 
that survey with a carbon figure exceeding 10-3 per cent—has been included. 

It is seen that deposits containing negligible amounts of organic carbon may be expected to have 
an average loss on ignition of 5-6 per cent. This appreciable loss of weight on ignition of inorganic 
samples may be attributed almost entirely to a release of water from chemical compounds, but there 
may also be a loss of carbon dioxide from inorganic carbonates. For ten types of clay’ the average 
content of combined water has been calculated to be 11-7 per cent. The water content of air-dried 
sand, on the other hand, is probably negligible. 

‘To examine whether the water content of clay could account entirely for the intercept in Fig. 
184(a), the results were studied for the eleven samples examined in Table 106 (pp. 289-291) that 
contained at least 50 per cent clay, as defined by particle size. From the observed loss on ignition 
was subtracted 1-82 times the organic carbon (from Equation 76) so as to allow for the organic 
matter present in the sample, and the residual loss on ignition was then compared with that calculated 
on the assumption that the clay fraction contained 11-7 per cent water while the organic fraction 
contained no water. ‘The agreement between the two sets of figures was remarkably close: the average 
residual loss on ignition was 6-9 per cent and the average calculated was 6-7 per cent of dry weight; 
only three of the eleven individual comparisons differed by more than 1 per cent of dry weight. 

This is a very rough calculation for the following reasons: the clay is defined on a physical 
basis and has not necessarily the same composition as the clays referred to above; typical clay 
contains roughly 50 per cent silica and 30 per cent aluminium sesquioxide, whereas Fig. 182(f) 
(p. 303) shows only about 16 per cent total sesquioxide at this silica content; some of the combined 
water may be lost during drying at 110°C; and no allowance has been made for the combined 
water in the fraction (accounting for from 27 to 50 per cent of the total dry weight) not defined 
as clay. Nevertheless, the probable water content of the dried deposits could account for the 
intercept in Fig. 184(a). 
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Fic. 184. Relations between organic carbon and (a) loss on ignition and (b) oxidizable-nitrogen content of 
bottom deposits 


That the sand deposits lose less inorganic matter on ignition than do the clay deposits is seen 
from Fig. 182(b) (p. 303) and Equation 72 which suggest a loss of only 1-5 per cent as 100 per cent 
silica is approached; similarly, from Fig. 183(a) and Equation 75, at zero moisture content the 
loss on ignition is 4-2 per cent. The discrepancy between these figures is not unreasonable owing 
to the degree of extrapolation from the observed data. 


Oxidizable nitrogen, Fig. 184(b) 

The figures for oxidizable nitrogen have been plotted in the same way as those for loss on 
ignition, but since the vertical spread of the plotted points increases greatly as the organic carbon 
increases, and the method of least squares gives great weight to the points lying most distant from 
the line of best fit, the regression equation 


N’ = 0-017 + 0-062C (77) 


(where N’ is the predicted nitrogen figure in per cent of dry weight) has been calculated from 
the averages of successive groups of 33 or 34 points relating to the 1949-1950 survey. The weighted 
mean carbon/nitrogen ratio (ignoring the intercept of 0-017 per cent) is thus 16-1. In the same 
diagram are included the data of the later surveys, and the broken line refers to the relation found 
for deposits in the Mersey Estuary’. 

The relation between carbon and nitrogen contents is examined further on pp. 310-311. 


EXAMINATION OF DREDGING SPOIL 


Samples of fresh dredging spoil were examined by the Laboratory on three occasions. Core 
samples were taken from loaded hoppers, each core extending throughout the depth of the material 
and as many as eight cores being taken from a single hopper so as to obtain representative figures 
for the composition. 


JULY 1953) TO SEPTEMBER Y>4 


Between July 1953 and September 1954 the moisture content and B.O.D. of 137 cores (from 
hoppers filled by dredgers operating in the estuary, tidal basins, and docks) were determined. 
The results are shown in Table 112; the figures for moisture content are used on pp. 309-310. 
It is seen, as would be expected from the discussion on p. 294, that both the moisture content and 
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the B.O.D. of dredging spoil from the docks are greater than those of spoil from the estuary. 
The order of magnitude of the figures given in the last column of the table may be compared with 
the average value of 3-85 per cent of dry weight for the B.O.D. of the solids present in estuary 
water as shown in Table 63 (p. 181). 


Table 112. Moisture content and B.O.D. of core samples of dredging spoil from 
estuary, tidal basins, and docks in 1953-54 








Individual hoppers Total or average for group 
: Moisture Moisture - 
Source of spoil Date No. content Qt No. content Bs 
(per cent (per cent 
of (per cent of ay of (per cent of ey 
cores of wet ie t) cores of wet werehel 
weight) 8 weight) - 








10-13 miles below London Bridge 
























































Barking Reach 18. 8.53 1 123 2:38 
19. 3.54 8 60-9 0-56 
25. 3.54 4 S22 0-30 
_ 5 56-0 0°51 
2. 4.54 8 46-1 0-51 39 5545 0:56 
9. 4.54 3 Se? 0-72 
7 3 52-9 0-54 
23. 4.54 3 60-6 0-54 
r + 61:5 0-43 
Albert Dock Basin 25. 2.54 8 81-6 -48 
| 4.3.54] 8 82-7 1-50 }16 ook Bi? 
King George V Dock | 19. 3.54. | 8 84-0 1-80 
24. 3.54 6 81-3 1-59 18 82:3 1-65 
25. 3.54 4 80-2 1-45 
25-28 miles below London Bridge 
Gravesend Reach PoosoS 1 TL 1-81 
Zi $258 2 713 WD. 
28. 8.53 + (Car 0-53 
32 9°53 2 66-2 0-68 
| 9. 4.54 4 52-9 0-54 27 63-4 0:72 
| ; 4 65-9 0:56 
- 4 62:8 0-55 
23. 4.54 3 62-2 0-87 
5 3 63-7 0:53 
Tilbury Tidal Basin NG Tes) 1 75-0 1-96 
$212.53 3 76°9 0:97 
8. 1.54 2 81-0 0-93 
29 FoF 4 79:6 0-70 ity) 75°4 0-84 
5. 2.54 1 69-4 0-77 
9. 2.54 2 65:6 0-64 
26. 2.54 4 73R9 0-68 
Tilbury Dock 123.04 8 74:6 0-82 
% 4 78-2 0:76 20 75:5 0-82 
19, 3.54 8 15 0:85 

















DECEMBER 1958 AND JANUARY 1959 


In the winter of 1958-59 a further 57 samples of dredging spoil were examined. The B.O.D. was 
not determined, but analyses for organic carbon and oxidizable nitrogen were made on 49 samples; 
the results are shown in Table 113. The moisture content of the samples from the docks and Tilbury 
Tidal Basin are seen to be comparable with those shown in the previous table, but higher moisture 
contents were found for the spoil from Barking and Gravesend reaches. 


JULY 1960 


The most recent samples of dredging spoil examined were those taken on 14th and 18th July 
1960; the chief purpose of ghis survey was to determine the specific gravity of the spoil. The individual 
results for 27 samples from four hoppers are shown in Table 114. 


— 
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Table 113. Analysis of samples of dredging spoil, 1958-59 


Figures in parentheses are numbers of analyses for organic carbon and oxidizable nitrogen when 
these are less than those for moisture content 

















Moisture Organic | Oxidizable 

No. of content carbon nitrogen 

Source of spoil Date “4 . (per cent | (per cent | (per cent 
sini gi of wet of dry of dry 

weight) weight) weight) 
Reach of estuary Barking 1925S 8 (4) 70:3 G2 0-38 
Gravesend 5 8 (4) TLS 4-3 0-47 
i By, igen) 8 68-5 4-1 0:44 
oF % 8 Wehe F 4-5 0-48 
Tidal basin Tilbury 19.12.58 7 74:2 6°3 1-11 
Dock system Lavender 12.12.58 D 74-2 6:7 0-81 
Royal , 8 80-0 7°3 0-83 
Tilbury 19.12.58 8 Ta°9 5-3 0-65 

Weighted averages for 

Reaches 32 (24) ASO) SS) 0-54 
Tidal basin A 74-2 6-3 1-11 
Docks 18 iifos 6:4 0-75 

















Table 114. Analysis of samples of dredging spoil from four hoppers, July 1960 








Moisture Organic | Oxidizable Specific gravity 
content carbon nitrogen 
Source of spoil (per cent | (per cent | (per cent 
of wet | of dry | of dry bei ae 
weight) weight) weight) | (determined) | (calculated) 
Gravesend Reach 64-6 — 1-26 2233 
68:8 4°5 0:47 1-22 2:29 
62:9 4-2 0-42 1-29 2°47 
67-1 — 0:47 1-22 2°15 
66:1 — — 1-24 2:26 
Tilbury Tidal Basin 67-0 2:1 0:61 1-24 2°35 
67:9 — — 1-24 2°45 
65:0 5:2 0:57 1-26 2°38 
62-9 —- -—- 1-29 2°48 
61:°3 2°8 0-56 1-30 2°42 
64-2 — — 127 2°40 
69-1 4-9 0-65 1-23 2:46 
Albert Dock Basin 80:5 5-7 0-82 1°13 2°36 
78:8 6:9 0-86 1:14 2-30 
78:8 6-6 0:85 1:14 2°31 
81-1 6:2 0-84 1-12 2:23 
78-3 5-9 0-83 1:14 2-24 
74:8 6°8 0:83 1-16 2°16 
75°8 5:6 0:87 1-16 2:27 
East India Dock 76-9 7°5 0-23 1:15 2:29 
77°7 — — 1205 2:40 
81:8 7°0 0-57 (hou 2:18 
82:1 = oa 1:11 2:22 
84-1 7:5 0:58 hort 2:63 
74:6 —- — 1-18 2°49 
81-0 6°8 0-85 1-12 2:28 
OA a -- jean) 2°39 




















MOISTURE CONTENT 


The various figures obtained for the moisture content of dredging spoil are shown in ‘Table 115 
where they are compared with the corresponding data for grab and core samples of bottom deposits. 
The average moisture content of the 152 samples from Barking and Gravesend reaches was 58-6 
per cent of wet weight, that of the 31 from Tilbury Tidal Basin 72-9 per cent, and of the 112 from 
the docks 78-1 per cent. 

The samples of dredging spoil generally contained more water than the corresponding grab 
or core samples of bottom deposits; the mean difference in moisture content (when the average 
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difference between the hopper samples and the other samples in each line of Table 115 is given a 
statistical weight equal to the number of readings in the smaller group) amounts to 7-2 per cent 
of the wet weight. This difference may be attributable to water being raised with the spoil in the 


dredger buckets or being present in the hopper into which the dredging spoil was discharged. 


Table 115. Moisture content (per cent of wet weight) of bottom deposits and dredging spoil 


Figures in parentheses show number of samples analysed 

















Date of sampling 1949-1950 1953-54 1958-59 1959 1959 1960 
Method of sampling Grab Hopper Hopper Grab Core Hopper 
Data from Tables: 106 and 107 ily 113 108 109 114 
Reach of estuary Barking 63-5 (4) 55° 5 (39) 70:3 (8) 65-4 (4) 45-6 (34) —_— . 
Gravesend 53-0 (7) 63-4 (27) 71-2 (24) _ — 659 (5) 
Tidal basin Tilbury — 75:4 (17) 74:2 (7) —— — 65-4 (7) 
Dock system Surrey ELUD — 74-2 (2) — — — 
E. India _ — — =~ —_ 79-2 (8) 
Royal 73-6 (9) 82:3 (34) 80-0 (8) a -- 78-3 (7) 
Tilbury 73°3 (9) 75-5 (20) 75:9 (8) — — — 




















CARBON AND NITROGEN 


It is of interest to compare the concentrations of organic carbon, C, and oxidizable nitrogen, N, 
of deposits from various reaches of the estuary and from the docks and tidal basin in the different 
surveys reported. Average values for these constituents are shown in Table 116(@ and 6) and for 
the corresponding ratio C/N in Table 116(c). For the purpose of grouping the data, the samples 
taken at London Bridge are included in the 0-10 mile group and those taken 10 miles below London 
Bridge in the 10-20 mile group; the figures for samples from the Royal Docks (taken from 
Table 107, p. 294) are considered to lie within the 0-10 mile range. 

Study of Table 116(a and 5) suggests that the results of the various surveys are reasonably 
consistent, and that the deposits in the docks and tidal basin generally contain a higher proportion 
of organic matter: the weighted mean value for the organic-carbon content of the 196 samples from 


Table 116. Average values of organic carbon, oxidizable nitrogen, and ratio of organic carbon to 
oxidizable nitrogen, for groups of samples of bottom deposits and dredging spoil referred to earlier 
in the chapter 























(a) (0) (c) 
Number of samples Organic carbon, C Oxidizable 
Date of sampling, used in obtaining (per cent of nitrogen, N Ratio C/N 
source of samples, average values dry weight) (per cent of 
and reference to dry weight) 
earlier tables 
Source of samples (miles below London Bridge) 
0-10 | 10-20 | 20-30 | 0-10 | 10-20 | 20-30 | 0-10 | 10-20 | 20-30| 0-10 | 10-20 | 20-30 
Estuary 
1949-1950, Grab (Table 106) 16 25 16 4-3 Soul 3*1°| 0-281) 0°33 | O25") SiS eis Seete ec 
1959, Grab (Table 108) 4 19 4:0 | 6:6 0-24 | 0:38 16:4.) 175.2 
1959, Core (Table 109) 4 87 SEO || © 43a 0-35 | 0-29 8:5 Malas 
1958-59, Hopper (Table 113) + 19 672 | 4°3 0:36 | 0:46 1733 | 
1960, Hopper (Table 114) 2 4-4 0-45 9-8 
Docks and tidal basin 
1950-51, Grab (Table 107) 16 9 8-4 6:4 | 0:77 0:58 | 10-9 11-0 
1958, Hopper (Table 113) iL) 5:8 0-87 8:2 
1960, Hopper (Table 114) 7, 11 A 6:6 | 3:8 0:56 | 0-60 L2-Oo Bore 
a RE eee eed Ee Meee Me yes oat Ree oe OM 
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the estuary was 4-6 per cent of the dry weight while that for the 55 from the docks and tidal basin 
was 6-7 per cent, and the corresponding average contents of oxidizable nitrogen were 0-32 and 
0-71 per cent. lo reduce silting of the docks, the water drawn in is not taken from near the bed of 
the estuary where the concentration of solids is generally greatest—see Table 68 (pp. 196-197) 
and also the reports®°® of the Department’s Hydraulics Research Station. The solids near the bed 
will contain a greater proportion of those particles which, by reason of their size or density, are the 
most readily settleable, and it is seen from Figs. 179 and 180 (pp. 293-294) that the larger particles 
generally contain less organic matter, and from Fig. 183 (p. 305) in conjunction with Fig. 185 (p. 312) 
that the denser particles also contain less organic matter. The higher organic content of the deposits 
in the docks may thus be accounted for; the same considerations apply to the deposits in ‘Tilbury 
Tidal Basin. 

Examination of ‘Table 116(c) shows that the carbon/nitrogen ratio also changes in passing from 
the estuary to the docks. The average C/N ratio (found by dividing the average carbon by the 
average nitrogen) was 14-4 for the estuary samples, and 9-4 for the other samples. The reason 
for this substantial difference is not fully understood; it is no doubt fortuitous that these figures 
are similar to the ratios (obtained from other work!® at the Laboratory) of 17 for coarse sewage 
solids and 9 for the finer solids. ‘The organic components of the deposits are likely to be derived 
from other material as well as sewage solids; for instance it has been shown (Fig. 102, p. 175) that 
considerable concentrations of phytoplankton are found in the estuary, and values of the C/N ratio 
reported" for marine algae range from 5-5 to 9-3 and for fresh-water algae from 5-3 to almost 50. 
The C/N ratio for bottom deposits in a number of estuaries—many of them largely unpolluted— 
as reported* nearly 30 years ago are summarized in Table 117 where the range of values is seen 
to be very wide. 


Table 117. Ratio of average content of organic carbon (C) to that of oxidizable 
nitrogen (N) for samples of intertidal deposits from various estuaries and salt 
marshes in the British Isles examined about 1935 





Locality (and number of samples examined) CHINE 
Orwell (3) 6°55 
Blackwater (13), Crouch (10), Roach (2) 8-9 
Deben (20); Hamford Water, salt marshes (10); 

Stour (10); Colne, Essex (8); | 9-10 
Barrow, Co. Waterford (1) st 
Ribble (13), Suir (6), Norfolk Salt Marshes (4) 10-11 
Dee (28), Tamar (4) 11-12 
Lough Foyle (33), Tay (18) 12-13 
Morecambe Bay (17), Burnham-on-Sea (1) 14-15 
Wye (6), Severn (4) 25-28 





It has also been found‘ that both the carbon and nitrogen contents of mud tend to decrease 
on storing, the nitrogen decreasing more rapidly than the carbon; thus for 100 samples of mud 
from Stanlow Bank in the Mersey, the C/N ratio rose from 10-4 to 11-0 after storing for six months, 
for a further 51 samples it rose from 11-6 to 12-6 in the course of a year, and for 8 samples from 
the Manchester Ship Canal it rose from 13-1 to 15-5 ina year. 

There is a tendency for the C/N ratio to decrease with decreasing particle size; this may be 
seen from Table 118 where all the available data from Tables 104 (pp. 280-286) and 106 (pp. 289-291) 
have been used. : 


Table 118. Ratio of average content of organic carbon (C) to that of 
oxidizable nitrogen (N) for Thames bottom deposits for different 
proportions of clay in fraction passing No. 7 B.S. steve 





Clay No. in Ratio 
(per cent) groups C/N 
<10 32 16°7 
10-20 37 14-3 
20-30 16 12:6 
30-40 17) t22 
>40 16 10-4 
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SPECIFIC GRAVITY 


The individual values found for the specific gravity of the core samples of bottom deposits 
listed in Table 109 (pp. 297-300), and of the samples of fresh dredging spoil listed in ‘Table 114 
(p. 309), are plotted against moisture content in Fig. 185. The left-hand diagram is in terms of the 
specific gravity of the wet material, p,,, as determined by the density-bottle method, and the right- 
hand diagram in terms of the specific gravity of the dry material, p,, as calculated from p,, and the 
moisture content (M per cent). This calculation is made on the assumption that the moist sample 
is made up of solid particles (with the mean specific gravity p,) and that all the interstitial spaces 
are filled by water of specific gravity p,;; the relation between these properties is 


100 — Mp; 
ee 100 — Mp,, Pw (78) 

The specific gravity, p;, of the interstitial water was not determined and has perforce been 
estimated from the expected salinity of the supernatant water. In most cases the salinity at half-tide 
in equilibrium with the long-term average fresh-water flow at Teddington has been used—it being 
assumed that the salinity of the water in mud deposits will not vary much except in the upper 
layers; for the top liquor in Core 15A (Table 109, p. 298) the probable salinity at the time of 
sampling has been used in deriving p,. There is considerable uncertainty as to the most suitable 
value to use for p; in the case of the samples of dredging spoil referred to in Table 114 (p. 309): 
when the spoil was being added the hoppers may have contained some sea water from Black Deep, 
whereas the salinity of the water carried up by the dredger buckets will have been that of the water 
over the deposits at the time of sampling and the salinity of the interstitial water in the deeper 
layers of mud being removed is likely to have been close to the long-term average for the supernatant 
water. The error introduced by uncertainties in p; is small, except for high values of the moisture © 
content. The most uncertain value calculated for p, is that for the fifth sample listed in the last 
section of Table 114; for this sample p,, = 1-11, M = 84-1, and p, was taken as 1-0015, thus 
giving p, = 2-63; however, had the interstitial water been assumed to be fresh water (p = 1) 
or sea water (p = 1-027), the value of p, would have become 2-65 or 2-28 respectively. It is 
therefore possible that the values of p, for dredging spoil have been under-estimated. 

The three lowest values of p, in Fig. 185(b) are for Cores 9A, C, and E (Table 109, p. 300) 
which consisted largely of wood fibres; the encircled point with the highest value of MW is for Core 15A 
(p. 298) which was the top liquor from a 30-in. core; the cross with the highest values of both 
p, and M is for the hopper sample referred to in the previous paragraph. ‘The remaining points in 
the diagram suggest that the density of the solid matter falls as the moisture content increases; 
this is reasonable, since the higher the moisture content the higher the content of organic matter, 
and since the organic compounds likely to be present will be considerably less dense than the 
inorganic particles. 
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Fic. 185. Specific gravity of sections of core samples (circles) and samples of fresh dredging spoil (crosses) 
from estuary and docks 
(a) Spetific gravity, p,, of wet samples—as determined experimentally 
(b) Specific gravity, p,, of solid material—as derived from p,, and motsture content 
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The mean value of p, for the 23 core samples examined (excluding the three which consisted 
largely of wood fibres) was 2-51; substituting this value in Equation 78, putting p, equal to its 
estimated mean value of 1-007, and re-arranging gives, approximately, 


1 
Po "0-4 + 0-006M 
for the specific gravity of the wet material. This equation is represented by the curve shown in 
Fig. 185(a). 
These density relations are of considerable importance in the calculations on the balance of 
solids in the estuary (p. 320). 


(79) 





BACTERIA 


Little work was done on the distribution of bacteria in the bottom deposits, but counts were 
made during 1951 of the numbers of Escherichia coli 1, Streptococcus faecalis, and sulphate-reducing 
bacteria in samples of mud from various parts of the estuary (Table 119); in general the highest 
numbers were found near the position of the main sewage outfalls. 

On several occasions during the same year the numbers of sulphate-reducing bacteria were 
determined in samples from various depths in the bottom deposits. The highest numbers (5000 to 
100 000 per g dry weight) were found in the top foot, up to 4000 per g dry weight were present at 
4 to 5 ft, and appreciable numbers could be detected at a depth of 7 ft. This distribution resembled 
that of ‘available organic matter’, determined by measuring the volume of gas produced when 
suspensions of known weights of similar deposits were seeded with sewage sludge and digested 
anaerobically at 23°C, but was apparently unrelated to that of total organic carbon which did not 
decrease markedly with increasing depth. 


Table 119. Most Probable Numbers of bacteria (per g dry weight) in samples of mud from estuary, 
and docks and tidal basin, September 1951 


Sulphate reducers 


Miles Esch. coli I ee or 


Str. faecalis 




















below 
London 
Bridge 21st Sept. 6th Sept. 
Estuary 
12S 75000 41000 3400 1470 
13-8 1900 660 Sih 197 
PROD 662 1990 830 3900 
Docks and tidal basin 
8-4 — — -- 793 
10-3 1900 1210 1350 702 
25-9 1114 199 2200 2840 
| 


EVOLUTION OF GAS FROM MUD DEPOSITS 


In certain reaches of the estuary, and in many of the docks, locks, and basins, there is sometimes 
considerable evolution of gas. In the main river and in Tilbury Tidal Basin (26 miles below London 
Bridge) bubbles can be seen breaking the surface, particularly around the time of low water; 
gassing takes place in the locks when the level of the water is lowered. In the summer months 
gas is evolved more liberally than in the winter and it contains a proportion of hydrogen sulphide. 


RATE OF EVOLUTION 


The rate at which gas is produced within the deposits will depend on the composition of the 
mud and on the bacterial activity which will be affected by temperature. In general, the greater 
the thickness of the deposit the greater the rate of evolution per unit area. The rate of escape of 
gas is influenced by changes in the pressure of water above the deposit. 

From May 1950 to January 1951 the evolution of gas from mud deposits in Tilbury Tidal 
Basin was examined. The investigation consisted in measuring the volume of gas evolved each day 
from a fixed area and examining samples of water taken near the gas-collecting apparatus. Some 
of this work has been published’. 


314 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


A gas collector, in the form of a pyramid with an open base 1 m square, was suspended from a 
wooden float and was kept submerged by attaching weights to the corners. The volume of gas 
collected was measured over water in a carboy, the gas being brought to atmospheric pressure 
before the volume was read. No correction was applied for temperature or barometric pressure. 

The release of bubbles is associated with the reduction of hydrostatic pressure as the water 
level falls on the ebb tide. This was examined on 10th May 1950 and 3rd July 1952. On the former 
occasion the rate of evolution of gas was measured from about half an hour after high water until 
2 h after low water; the results are shown in Table 120. It is seen that in the first 205 min only 
about 8 ml of gas were collected; at the end of that time it was 2 h before local low water and the 
level was 2:0 ft above the low-water level. During the next 210 min the volume collected was 
580 ml; it was then 14h after low water and the level was 2:3 ft above low water. In a further 
30 min no more gas was collected. ‘The experiment of 3rd July 1952 gave similar results which 
are shown in Fig. 186. 


Table 120. Volume of gas collected over I m* in Tilbury Tidal Basin during 
successive periods starting at 8.20 a.m. G.M.T. on 10th May 1950 


Low water (neap tide) at 1.45 p.m. 











Level of water 
Period of at end of Volume of gas 
collection period collected 
(min) (ft above (ml) 
low water) 
70 8-8 0-2 
45 6:5 0 
35 4-5 1 
25 3:4 5 
30 2:0 2 
30 1-2 20 
30 0-4 54 
30 0-1 96 
30 0-0 120 
30 0:3 200 
30 slow 60 
30 2:3 30 
30 Bin 0 
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HOURS FROM LOW WATER 


Fic. 186. Rate of evolution of gas from bottom deposit in 
Tilbury Tidal Basin during neap tide on 3rd July 1952 


Since the release of gas is controlled by pressure variations in the supernatant water, the greatest 
volumes of gas are likely to be released at the time of spring tides as it is then that the level of the 
water at low tide is lowest. The evolution of gas is also likely to be greater during periods when the 
water level at successive iow tides is decreasing than when it is increasing; consequently more 
gassing is to be expected in the weeks from neap to spring tide than from spring to neap. 


BOTTOM DEPOSITS 315 


The volumes of gas evolved are summarized in Fig. 187 where the average volumes of gas 
collected in the periods from neap to spring and from spring to neap are plotted separately. ‘he 
average temperatures of the supernatant water and of the mud deposit at a depth of 6 ft during 
the corresponding periods are also shown. The experiment was subject to a number of hazards 
and the gas collector was overturned or damaged on several occasions; early in September 1950 
a dredger was working within a few yards of the collector and the disturbance of the deposit 
released an abnormal volume of gas at the time of a neap tide. Where there is a gap in the data of 
Fig. 187 the plotted points have been joined by a dotted line. 





» 40 
< 
© 
| UF ae ——, 
eu) 200 
yi oO 
ee) OX Oe, ORO 

7 | ag A SS pee er Tea pete ot eg pee oe 
5 20 lO# 
Qe = 
E10 fi 
ocd 
ota 0 3 
pe 
ae. 0 





June July Aug. Sept. Jan. 
1950 195! 


Fic. 187. Average rate of evolution of gas at approximately weekly intervals in Tilbury Tidal Basin from 
May 1950 to January 1951, from neap to spring tides (Curve A) and spring to neap tides (Curve B) 


Temperatures of water (Curve C) and mud (Curve D) also shown 
Dotted lines indicate incomplete data 


COMPOSITION 


The bubbles reaching the surface consist mainly of methane but contain also appreciable amounts 
of carbon dioxide and nitrogen. Results of analyses, made at the Department’s Fuel Research 
Station, are shown in Table 121. (The hydrogen determinations may be appreciably too high—but 
these figures are so small that the actual magnitudes are of little importance in the present context.) 


Table 121. Composition of gas from mud deposits 


Gas rising at Gas from digestion Gas rising from submerged 
entrance to of mud from bank in Tilbury Tidal Basin on 
Constituent King George V entrance to 
Dock on King George V 
30th Aug. 1949 Dock 14th Sept. 1949 | 25th Aug. 1952 

















(per cent by volume) 





Methane GfayoP? Woe 84-0 86:9 
Carbon dioxide aysjoul 16-4 10-1 6:6 
Nitrogen 8:7 8-1 4-5 6°3 
Oxygen 0:8 0:4 0:5 0:2 
Hydrogen 05 1-9 O-3 0-0 
Hydrogen sulphide 1-7 0-9 0:6 0:0 

















The first and third gas samples were collected by connecting a gas-sampling tube to the apex of 
the pyramidal gas collector and disturbing the mud with a pole (thus reducing to a minimum the 
time in which the gas was in contact with the supernatant water); the fourth sample was collected 
in a similar way but without disturbance of the mud, the collection of gas then taking 2} h. The 
second sample was obtained from a laboratory experiment in which mud from the entrance to 
King George V Dock was digested and the resulting gas passed through a shallow layer of water 
before collection, 
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LABORATORY EXPERIMENT ON GAS FORMATION 


A simple test was made in which duplicate samples of 5 1. of ‘liquid mud’ from the seaward end 
of Gravesend Reach (28 miles below London Bridge) were allowed to digest under anaerobic 
conditions—one at room temperature (average 11-2°C) and one in a constant-temperature room 
(22-9°C). Gas evolved from the samples was collected over water and measured. The evolution 
of gas is shown in Fig. 188. The sample at the higher temperature started to produce gas after 
3 days and reached a maximum rate of evolution of 85 ml/day in 12 days; the other sample 
produced no gas before the 17th and very little before the 32nd day. 
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Fic. 188. Evolution of gas at different temperatures from duplicate samples of 
5 litres of mud taken from Gravesend Reach in February 1952 


Average temperature (°C) shown above each curve 


BALANCE OF SOLID MATTER 


When the mass of material known to be entering the estuary from land sources is compared 
with that removed by dredging (and approximate allowance is made for the decomposition of 
solid matter), it is found that there is a large discrepancy which suggests that an appreciable 
quantity of matter is entering the estuary from the sea. 

Solid matter enters the estuary suspended in sewage and industrial ace and in the 
fresh-water discharges. Large quantities of material are removed in dredging by the Port of London 
Authority to maintain the navigable channel in the estuary and to keep the docks in service. 
As mentioned on p. 278, most of this material was formerly dumped in Black Deep (some 70 miles 
seaward of London Bridge), but smaller quantities have been deposited at Mucking Flats (32 miles 
below London Bridge) and the disposal ashore of dredging spoil started in 1956. 

The amount of dredging carried out in any particular year will not be closely related to the 
amount of material settling on the bed of the estuary during that time—national emergencies and 
other factors affect the rate of dredging. Consequently, when studying the balance of solid matter, 
unless account can be taken of changes in the amount present in the estuary, it is better to use 
average figures for a long period than short-term averages which may introduce large errors arising 
from differences between the rates of dredging and deposition. 

The various ways in which solid matter enters and leaves the system are examined below. 
In this study the seaward boundary of the estuary will be taken as 41 miles below London Bridge, 
thus avoiding the difficulty of assessing the load from the Medway. 


RATE OF ENTRY OF SOLID MATTER 


The most important of the measurable sources of solid matter are the Upper Thames and the 
effluents from the two main sewage outfalls of the London County Council. The less important 
ones to be considered are the tributaries, discharges of storm sewage, and the effluents from the 
other sewage works and from industrial concerns. In addition, sewage sludge was for a time dumped 
in the vicinity of Mucking which lies within the estuary. 


Upper Thames 


Figures for the suspeaded-solids content of the Thames at Teddington were included in Tables 
23 (p. 51) and 24 (p. 52). From these figures, and from data for the fresh-water flow (supplied by 
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the Thames Conservancy), the rate of addition of solid matter to the estuary from the upper river 
has been calculated; quarterly averages are shown in Table 122 at the foot of which are given the 
average values for a period of 20 years—as estimated by assuming the same average concentration 
of suspended solids as in the corresponding quarters when determinations were made. The 
variations in load from one quarter to another are seen to have been very great. 


Table 122. Average rate of addition of solid matter (tons dry weight per day) 
to estuary from Upper Thames 











Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
1950 — — _ 538 — 
1951 636 212 54 469 342 
1952 267 158 28 380 208 
1953 118 44 14 134 TG 
1954 145 247 74 — — 
Average 292 165 42 380 219 

Estimated 

average for 264 130 33 310 183 

1934-1953 








Tributaries 


Figures for the concentration of suspended solids in the water entering the estuary from the 
tributaries were also given in Tables 23 and 24. Estimates of the rates of addition of solid matter 
are shown in ‘Table 123; in calculating the average values, data for some quarters in addition to 
those shown in the table have been used. For the present purpose the Medway is considered to be 
outside the estuary. 


Table 123. Quarterly average rates of addition of solid matter to estuary from 
tributaries as estimated from data for April 1952 to June 1953 


Figures in ztalics are calculated from rough estimates of discharge 









































Position of confluence Solid load (tons dry weight per day) 
River Miles North 
from or Ist 2nd 3rd 4th Acsonee 
London south Quarter Quarter Quarter Quarter H 
Bridge bank 
Crane 15:2 above N 4-2 3-9 0-6 14:8 3-4 
Duke of Northumberland’s 14:9 ,, N 1-4 9-1 1-0 221 2°6 
Brent 136 gms N 2:3 1-6 1:8 21-9 6-9 
Beverley Brook Si Oan S 0-9 3-0 0-4 8°5 2:8 
Wandle O05 ee S 8-2 8-6 2:8 12-4 8:8 
Ravensbourne 4-3 below Ss TSE 0-9 0-9 FEY 1-0 
Lee Oc Onion. N 9-3 12:3 4-4 14:8 10-2 
Roding (WNC peta: N 2:8 1-1 1-1 4-9 2:5 
Beam 14220 N 3:8 3:9 4-1 4°5 4-0 
Ingrebourne TS ye N 2°9 2:4 10%} 2°5 23) 
Darent and Cray Ie Be. S &°8 4-3 1-9 S25) 4-6 
Mardyke 14s N 1:0 0-4 0-1 0:6 0-5 
Total 46:7 Sie5 20-4 91-6 49-6 
I ee ee ee 


L.C.C. sewage effluents 


Quarterly averages of the load of suspended solid matter discharged from Northern and 
Southern Outfalls have been calculated from the L.C.C. records. Mean values for the quarterly 
and yearly averages over a period of five years are shown in Table 124; the rate of discharge from 
Northern Outfall has been reduced to about 60 tons/day since the introduction of the new 
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sedimentation plant. The average rate of addition of suspended matter from Northern Outfall is 
calculated to have been 116 tons/day during 1934 to 1953; the corresponding figure for Southern 
Outfall is 55 tons/day making a total of 171 tons/day. 


Table 124. Average rates of addition of solid matter (tons dry weight per day) 
to estuary from Northern and Southern Outfalls in 1949-1953 











Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
Northern Outfall 139 134 130 136 135 
Southern Outfall 50 44 43 46 46 
Total 189 178 173 182 181 














Other sewage effluents 


For nearly all the other sewage works, results of examination of occasional samples only are 
available; much of the information has come from the works concerned, but some of the figures 
are derived from results of samples analysed by the Laboratory. Averages for these sewage works 
during 1952 are shown in Table 125. 

Most of the quantities given in this table are a negligible importance, but the effluents from 
each sewage works estimated to have discharged more than 0-01 ton/day have been included for 
the sake of completeness. The load from Southend Sewage Works (which is excluded from the 
table since, in the present context, it lies beyond the seaward boundary) was 3-6 tons/day. 


Table 125. Approximate rate of addition of solid matter to estuary from sewage works 
(excluding Northern and Southern Outfalls) in 1952 











ae eae Solids 
Sewage works Danan Fig. 48 aa 

Bridge (p. 62) z 
Mogden 15-0 above S2 4-4 
Richmond IWPoabe oy ae S3 1:6 
Acton Oe Saas: S4 23 
East Ham 11-7 below S6 Os) 
Dagenham dS icles 58 1-4 
West Kent 19:4, 59 14-7 
Stone 1202.9) ee S10 0-08 
Swanscombe DOD. Sil 0-05 
Northfleet 2s Spee $12 0-1 
Tilbury 27 Oe $13 0-6 
Gravesend PRY OS we. 514 0-4 
Stanford-le-Hope Sp sOay PY, Ss 0-04 
Corringham See) © ls, S16 0-02 
Pitsea Bboy As S18 0-02 
Canvey Island | S/lm es S19 0-1 
South Benfleet 40-0, S20 0-03 
Leigh-on-Sea | 40:0 _,, 521 0-1 
Total 48 





Storm sewage 


The intermittent discharge of storm sewage from the L.C.C. sewers adds an appreciable quantity 
of solid matter to the estuary. Some details of flow were given in Table 43 (p. 83) and of concentration 
of suspended solids in 'Table 45 (p. 87). To obtain an estimate of the weight of solid matter the 
average weight shown for pumped storm sewage in Table 46 (p. 88) was multiplied by the ratio 
of the average quarterly mean rates of discharge during the 20 years ending 1953 (but excluding 
1940-44) to the average rate during 1953-54; to the resulting figure was added 15 per cent of the 
product of the pumped flow and the average concentration of suspended solids found in the 
gravitational storm sewage. It was thought that this would give the best estimate of the total load 


of solid matter in storm sewage that could be found from the available data. The results are shown 
in Table 126. 
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Table 126. Estimated rate of addition of suspended matter (tons dry weight per day) 
to estuary in storm sewage discharged in 1934-39 and 1945-1953 





Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 








28 | 28 38 49 36 





Industrial discharges 


The information on the weight of solids discharged from industrial concerns was obtained at 
the same time as the information given in Tables 48 (p. 91) and 86 (p. 238). Each load estimated 
as being more than 0-05 ton/day is shown in Table 127. 


Table 127. Approximate rate of addition of solid matter to estuary in 
industrial effluents in 1952-53 














Industrial ie oan ee d 

ndustrial concern Aten Fig. 48 ria 

Bridge t.62) bteicey 
Battersea Power Station 3-7 above G6 3-4 
East Greenwich Gas Works 7-1 below 18 0-3 
Flour mill Th liepyees 19 0-1 
Flour mill or ae 110 0-2 
Beckton Gas Works stem ae IS) Do) 
Distillery TSi4aee 116 7-0 
Chemical works TRCIRBA) a 118 0-4 
Paper mill Hoops | Be 119 0-2 
Paper mill GCP vs, 120 23 
Board mill ‘9 122 3°2 
Margarine factory 20: Oe 123 0-1 
Paper mill Dil eae, 124 Day 
Paper mill WBE «vg 126 5-4 
Paper mill 25-3 a. 127 6:0 
Paper mill Qod0aa es 128 6-6 
Total 40-6 





Sewage sludge 

Under normal conditions the sludge collected in the Northern and Southern Outfall Sewage 
Works is dumped in Black Deep—some 70 miles seaward of London Bridge—but from the middle 
of October 1939 to the end of January 1940 it was discharged in the neighbourhood of Mucking; 
from then until the middle of December 1940 dumping was carried out at various points from the 
Nore to Knob Buoy, that is, outside the estuary as defined in this work (see also Fig. 91, p. 163). 
From 23rd December 1940 to Ist October 1945 the sludge was discharged at Mucking Flats by 
Admiralty Orders but since 1949 it has always been discharged outside the estuary. The weight and 
moisture content of wet sludge leaving each works annually is known; from these data the dry 
weights of solid matter given in Table 128 have been calculated. 


Table 128. Average rate of dumping of sewage sludge (tons dry weight per day) in Mucking area 





1934-38 0 
1939 27 
1940 28 
1941 249 
1942 261 
1943 252 
1944 289 
1945 204 

1946-1953 1 
1934-1953 66 
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Atmospheric pollution . 

Some solid matter enters the estuary as a result of air pollution, and in parts of London the 
average rate of deposition is of the order of 1 ton/day per square mile. The total rate of entry to 
the estuary was estimated on p. 243 to be between 2:8 and 5 tons/day; a figure of 4 tons/day will 
be assumed. 


Other sources 

Further solid matter enters the estuary and docks from shipping and the dockside, while all 
along the estuary material must be carried into the water by the wind (see pp. 242-243). The 
quantities involved cannot be calculated but they are unlikely to be of major importance in the 
balance of solid matter in the estuary. For example, if the household refuse and coal spilled to the 
estuary amounted to 1 and 0-05 per cent respectively of the amounts transferred to and from 
wharves, this would be equivalent to a total of roughly 30 tons dry weight per day. 

The sea as a source of solid matter will be considered later (p. 323). 


RATE OF LOSS OF SOLID MATTER 


Solid matter is lost from the estuary as a result of dredging, by oxidation to soluble substances, 
by anaerobic decomposition, and by exchange through the seaward boundary of the estuary by 
tidal mixing and by displacement due to the land-water flow; the loss by mixing and displacement 
will not be considered here, but will be included later in arriving at the net rate of entry from the sea. 


Dredging 

The volumes of material removed from the docks and river during each year from 1934 to 1953 
have been obtained from the P.L.A.; the figures for capital (as opposed to maintenance) dredging © 
during that period have been excluded, as such dredging involves the removal of material that 
formed the bed of the estuary before it was polluted. 

The moisture content of dredging spoil was examined in Tables 112-115 (pp. 308-310) and the 
specific gravity on pp. 312-313. Significant differences were found between the moisture contents 
of hopper spoil originating in the estuary, tidal basin, and docks. The average moisture contents 
for each of these three groups, as found from Table 115, were 62-9, 72-9, and 79-1 per cent 
respectively. The measure of the volume of dredging spoil removed is the ‘hopper ton’ of 24-35 ft?; 
when filled by water of unit specific gravity this represents a weight of 0-678 ton. The specific 
gravities of the wet spoil, equivalent to the moisture contents given above, are found by means 
of Equation 79 (p. 313) to be 1-29, 1-20, and 1-14 respectively. Multiplying these figures by 
0-678 ton gives the weight of wet spoil per hopper ton as 0-87, 0-81, and 0-77 ton respectively. 
These results show that the hopper ton normally contains appreciably less than 1 ton of wet spoil. 
(The density of wet spoil equivalent to 1 ton per hopper ton is 1-475 which, from Equation 79, 
would require a moisture content of only 46-3 per cent.) The weight of solid material in a hopper 
ton of dredging spoil is obtained by multiplying the weight of wet spoil by (1— Mp,/100) where M is 
the moisture content as per cent wet weight and p, the specific gravity of the interstitial water. 
Using the figures given above leads to weights of 0:32, 0-21, and 0-16 ton per hopper ton for 
spoil from the estuary, Tilbury Tidal Basin, and the docks respectively. (To minimize cumulative 
errors, each of the figures derived in this paragraph was evaluated to a further place of decimals 
before rounding off.) 

The estimated yearly totals of solid matter removed by the P.L.A. in the course of maintenance 
dredging are shown in Table 129. Other authorities also carry out dredging; the quantities shown 
in the table include both maintenance and capital dredging, the relative proportions of which have 
not been ascertained. It seems probable, however, that the lower annual totals relate solely to 
maintenance dredging whereas the higher ones include some capital dredging; thus it is estimated 
that, on average during the 20-year period, some 85 tons/day were capital and the remaining 60 
were maintenance dredging. The composition of the latter spoil has been assumed to be the same 
as of that taken from the estuary by the P.L.A. The amounts of dredged material deposited at 
Mucking since 1939 (see p. 278) must be subtracted from the total dredged since this point falls 
within the confines of the estuary; the net weight of material removed from the estuary is shown 
in the final column of the table. 


Decomposition 


Some of the solid matter entering the estuary is transformed into gaseous or soluble products 
on oxidation, and some undergoes anaerobic decomposition. When considering the balance of solids 
it is necessary to take this into account. It is not possible to make any accurate assessment of the 
quantity of solid matter last in this way, but a very rough estimate is made below. It is emphasized, 
however, that the method used is by no means satisfactory, and that the figures given are not as 
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Table 129. Estimated average rate of removal of solid matter (tons dry weight per day) 
from estuary as result of maintenance dredging 





























Dredged by 
j Dumped Removed 

Year Port of London Authority | at from 

a pas Other Mucking estuary 

River Tidal Basin Docks Authorities* 
1934 1154 154 439 119 0 1866 
1935 933 284 457 54 0 1728 
1936 969 150 593 39 0 1751 
1937 665 268 451 28 0 1412 
1938 1251 174 Sod 41 0 1803 
1939 590 297 429 40 ti 1345 
1940 320 180 160 55 Fae 0 
1941 0 312 13 90 415 0 
1942 259 203 80 val 612 0 
1943 292 316 179 46 833 0 
1944 444 312 273 159 1188 0 
1945 625 309 505 80 1509 0 
1946 873 207 453 93 1218 408 
1947 1428 229 404 342 182 2221 
1948 821 357 442 213 40 1788 
1949 1502 U73) 473 68 65 2251 
1950 975 186 646 434 99 2142 
1951 1307 205 344 | 112 95 1873 
1952 1140 270 426 755 125 2466 
1953 884 198 505 53 119 1521 
Average 822 244 380 1457 | 362 12297 











* Also carry out capital dredging; figures include this. 
t Includes an estimated 85 tons/day of capital dredging. 


accurate as one would like; nevertheless, it is thought that the value arrived at may give at least 
the order of magnitude of the required figure. 

Suppose it is known that, on average, A tons of oxygen are utilized daily in the oxidation of 
solid matter, that each ton of oxygen so used combines with B tons of carbon, and that each ton 
of this carbon is contained in C tons of organic matter; then an estimate of the rate of loss of solid 
matter by aerobic decomposition will be given by ABC tons/day. 

It is estimated that in 1934-1953 the average rate at which oxygen was used in the oxidation 
of organic carbon in solid matter was roughly 300 tons/day; the method of deriving this term has 
been outlined elsewhere?’. 

If elementary carbon is oxidized to carbon dioxide, the ratio of the carbon oxidized to the 
oxygen consumed is 12/32, or 1/2-67; for the organic substances of the types likely to be present 
in the solid matter in the estuary, such as cellulose and proteins, the mean value of the ratio is 
probably close to 1/3 (see p. 216 where, however, a ratio of 1/2:67 was adopted for the material 
present in suspension or solution). The average amount of carbon oxidized daily is thus estimated 
to be 300/3, or 100, tons. 

There remains the question of how much weight is lost in the oxidation of 100 tons of carbon. 
During the chemical examination of bottom deposits referred to earlier in the present chapter, 
samples were examined for their contents of moisture and organic carbon, and after drying at 105°C 
the loss of weight on ignition at 800°C was determined. This loss of weight may be attributed 
mainly to oxidation of organic matter, to evaporation of water associated with clay and not driven off 
at 105°C, and to release of carbon dioxide from inorganic carbonates (see pp. 306-307). The relation 
found between organic carbon and loss on ignition is given by Equation 76 (p. 306) which indicates 
that the loss of weight on ignition increased, on average, by 1:82 for each unit increase in the 
content of organic carbon. (‘This relation was obtained from all the concordant data of the 1949-1950 
survey; it might be argued that since the organic matter is associated more with the clay than the 
sand the slope of the regression line for all the data is not entirely relevant, but when the regression is 
restricted to the 53 samples containing more than 12 per cent sesquioxides the slope is found to be 
1-87.) If the loss of weight due to the release of water, and of carbon dioxide from inorganic 
carbonates, were independent of the organic-carbon content of the material, the slope of the regression 
line would show that the organic carbon formed 55 per cent of the organic matter lost on ignition. 
Although the loss of inorganic materials will depend on such factors as the sesquioxide content— 
which will be related to the content of organic carbon—this figure does not seem unreasonable since 
the carbon content of cellulose is 44 per cent, of lignins about 61, of proteins 50 to 55, and of 
bacterial cells close to 50 per cent. If it is assumed that the ratio of the weight of solid matter lost by 
aerobic decomposition in the estuary to the weight of carbon oxidized biochemically is the same as 
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the ratio of the loss of organic matter on ignition at 800°C to the carbon content of that matter, 
then the oxidation of 100 tons of carbon represents the loss of 182 tons of solid matter. 

The formation of solid matter from soluble substances is likely to be rather less important 
because it is thought that much of the solid matter formed by photosynthesis and by the growth 
of bacteria is oxidized within the estuary when the cells die. Material formed and removed in this 
way will have no effect on the balance of solids provided that the decomposing cells are not swept 
from the estuary. 


SUMMARY 


The known sources of solid matter and the ways in which it is lost from the estuary are 
summarized in Table 130. The average value shown in Table 123 (p. 317) for the loads from the 
tributaries from April 1952 to June 1953 was 49-6 tons/day. If it is assumed (as was done for the 
Upper Thames on pp. 316-317) that the concentration is independent of the flow, and if the flow in 
the tributaries is roughly proportional to that in the Upper Thames, this figure requires to be 
increased by some 7 tons/day when considering the 20-year period; however, it is likely that the 
total weight of solids in sewage efHuents and industrial discharges increased substantially during 
that period and, lacking detailed information, it will be assumed that the required figure for the 
tributaries is 50 tons/day. 


Table 130. Estimated average net rates of entry (tons dry weight per day) 
of solid matter to estuary between Teddington and 41 miles below 
London Bridge in 1934-1953 


Upper Thames 183 
Tributaries 50 
L.C.C. sewage effluents 171 
Other sewage effluents 30 
Storm sewage 36 
Direct industrial discharges 30 
Sewage sludge 66 
Atmospheric pollution 4 
Total known gains 570 

Less 
Dredging 1144 
Decomposition 182 
Total known losses 1326 


Excess of known losses over known gains (by difference) 756 


The loads from the sewage works listed in Table 125 (p. 318) are also likely to be higher than 
the average for the 20-year period. Most of the solids discharged from these works in 1952 are 
believed to have come from Acton, West Kent, and Mogden; examination of such information 
as is available for these works suggests that the total figure given in Table 125 should be reduced 
from 48 to about 30 tons/day. 

Similarly, it is believed that a figure of 30 tons/day for the solids load from the direct industrial 
discharges in 1934-1953 is more realistic than that of 40-6 tons/day given in Table 127 (p. 319) 
which refers to 1952-53. 

If all the figures given in Table 130 were accurate, and if there were no difference between 
the total amount of solids on the bed and in the water of the estuary at the beginning and end of the. 
period, then it would be concluded that solid matter had been entering from the sea at an average 
rate of 756 tons/day. Clearly, most of these figures are only approximate; nevertheless they are 
sufficiently accurate to indicate a significant discrepancy—amounting to about half a ton per minute 
over 20 years—which must be attributed to a decrease in the amount of deposit present, to the entry 
of solid matter from the sea, or to a combination of these two factors. 

After allowing for the probable order of magnitude of the quantities derived from the ‘Other 
sources’ referred to on p. 320 it is concluded that the most probable value for the excess of losses 
over gains lies between 700 and 750 tons/day. 

A similar calculation relating to the Mersey Estuary using data for the 40 years ending in 1931, 


gives a figure of very roughly 4500 tons dry weight per day for the rate of entry of solid matter 
from Liverpool Bay’. 
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ENTRY OF SOLIDS FROM THE SEA 


CHANGES IN VOLUME OF ESTUARY 


If the amount of solid matter present in the estuary decreased during 1934-1953, the quantity 
entering from the sea will have been under-assessed. At half-tide the total volume of water in the 
estuary down to 41 miles below London Bridge is about 25 x 10° ft? (Fig. 5, p. 7); a change of 
1 per cent over 20 years would be equivalent to 34 000 ft® daily, and if this change were the result 
of deposition it would be equivalent to some 1200 tons of mud, or over 400 tons dry weight of solid 
matter, per day. 

The change in volume of the estuary cannot be found without a possible error of several per cent. 
Firstly, the earlier soundings were made with a lead whereas the recent figures were obtained 
by means of an echo sounder. The former method tends basically to over-estimate the depth 
(the result of slackness in the line, departure of the line from the vertical, and penetration of the 
lead into the mud); nevertheless a margin of safety is allowed both in calling soundings and in 
preparing charts, with the net result that lead soundings tend to under-estimate the true depth. 
A consistent under-estimate of an inch in the first of two surveys made 20 years apart is equivalent 
to a reduction of about 150 tons per day in the calculated rate of entry of solid matter. Secondly, 
a single survey of the whole estuary takes many months to complete, and during this time mud 
which has already been surveyed in one area may have moved to another where its presence is 
again noted, thus giving rise to an appreciable error in the total volume. Finally, the process of 
calculating the volume of the estuary from the chart readings involves a certain amount of 
approximation. 

Consequently, figures for the volume of the estuary on two occasions 20 years apart are unlikely 
to give an accurate measure of the changes in volume that have actually taken place. The volume of 
the estuary below the low-water ordinary-spring-tide line, from Teddington to Coalhouse Point 
(29-4 miles below London Bridge) is estimated to have been 6-93 x 10° ft? in 1925. In a survey 
recently completed by the P.L.A. the volume was found to be 6-38 x 10° ft?. This decrease of 
0-55 x 10° ft? is equivalent to the entry of about 800 tons of solid matter daily throughout the time 
between the two surveys (this is additional to the entry of 700-750 tons/day estimated on the 
assumption that there was no change in the volume of water in the estuary). The corresponding 
figure for the volume up to the high-water line is nearly 3000 tons/day. hese figures are likely 
to be too small (owing to the changes in methods of sounding), and although they do not include 
the reaches from 29-4 to 41 miles below London Bridge, they suggest that considerably more than 
the 700 tons/day obtained from the solids balance were entering the estuary from the sea. 

The erosion of the banks of the estuary, as at Broadness (23 miles below London Bridge), 
and any tilting or change in level of the land are complicating factors for which no allowance 
has been made. 


DERPICULTIES OF DIRECT DETERMINATION 


The foregoing calculations provide considerable evidence for the hypothesis that solid matter 
is entering the estuary from the sea, but they can give no real indication of the quantities involved 
since the estimate of rather more than 700 tons dry weight per day is the difference between two 
uncertain quantities and takes no account of changes in the weight of deposits present. 

The average concentration of suspended solids at a depth of 6 ft in mid-stream off Southend 
Pier, around low water, over a period of five years, as found from L.C.C. data, was 35 p.p.m.; the 
average concentration over the cross-section 41 miles below London Bridge is likely to be rather 
greater than this—possibly about 50 p.p.m. The average land-water flow of the Thames at this 
point is about 1800 m.g.d. Thus if this material remained in suspension throughout the tidal 
cycle, the daily loss of solid matter from the estuary would be roughly 400 tons/day. 

On average, about 750 million tons of water passes each way through this cross-section daily 
as a result of tidal action. If there were no net exchange of solid matter between the estuary and 
the sea, the average concentration of solid matter on the flood tide would have to exceed that on 
the ebb tide by an amount sufficient to balance the estimated loss of 400 tons/day by displacement. 
Since the average net rate of entry is calculated to be about 750 tons/day the difference in concen- 
tration between the flood and ebb tides must be responsible for the entry of some 1150 tons/day; 
this concentration amounts to only 1-5 p.p.m. The smallness of this figure would appear to 
preclude the experimental verification of the calculations, as the difficulties resulting from the 
variations in the concentration of suspended solids over the cross-section, throughout the tidal 
cycle and from one cycle to another, would probably require a more extensive sampling programme 
than would be practicable. Nevertheless, some experiments have been made on these lines—although 
they do not cover the whole cross-section of the estuary. These experiments are discussed in the 
remaining paragraphs. 
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WORK BY HYDRAULICS RESEARCH STATION 


Studies of the transport of solid material in the estuary, made by the Department’s Hydraulics 
Research Station! 1 9 provide considerable supporting evidence for the hypothesis that solid matter 
enters from the sea. The net transport of solids through the cross-section 9 miles below London 
Bridge was found to be small and toward the sea; at 19 and 43 miles a distinct landward transport 
of solids was found; and single surveys at 46 and 68 miles again indicated a net landward drift. 
Observations of current velocity, salinity, and the concentration of suspended matter have shown 
a net landward drift of water near the bed of the estuary, and it is there that the concentration of 
solids is generally greatest. It seems probable that a larger proportion of the dredging spoil than 
of the sewage sludge is likely to be carried up the estuary, since the former material is the denser 
and more readily settleable. The effect of each type of material on the condition of the estuary 
will depend on the extent to which it oxidized during its passage (see also p. 162). 

The detailed measurements taken between 9 and 43 miles below London Bridge are supplemented 
by the results of experiments on a scale model of the estuary and of experiments using radiochemical 
tracers in the estuary, and show strong evidence of the net landward movement of solids from the 
neighbourhood of Mucking to that of Barking. 

From the necessarily limited scope of the surveys at 46 and 68 miles below London Bridge, 
and the interval of 22 miles between them, it does not appear reasonable to conclude with any 
certainty that a substantial proportion of the dredging spoil and sewage sludge deposited in Black 
Deep eventually returns to the estuary and is deposited in the mud reaches—although the available 
evidence is suggestive of this. 


COMPOSITION OF MATERIAL 


A sample of water taken at the seaward boundary will probably contain particles of various — 
densities, sizes, and composition, and an accurate experimental determination of the composition 
of this material which enters from the sea is not possible. It may consist of dense sand particles 
which roll along the bed, of suspensions of clay or mud, or of decaying phytoplankton which are 
brought in by tidal action and settle in the estuary, or it may be a mixture of all these types of 
particle. 

On 13th April 1955, samples of water were taken off Southend and examined for their content 
of solids. The samples were taken at four depths (6 ft from the surface, mid-depth, and 3 ft and 
1 ft from the bed), in five positions (from just off Southend Pier to a point just south and west 
of Nore Sand), and on six trips (from 1 h before local low water to 1 h after local high water)—thus 
giving a total of 120 samples. On the following day 500 ml of each sample were passed through 
a prepared Gooch crucible and the weight of suspended matter and the loss on ignition were 
determined. ‘The remaining portions of the samples were then arranged in order of the percentage 
loss on ignition (found from the portions examined) and a bulked sample was formed from each 
successive batch of 10 or 11 samples to give 11 composite samples. On each composite sample 
three determinations were made of the suspended-solids content and loss on ignition, and a single 
determination of the organic-carbon and oxidizabie-nitrogen contents of the solid matter. These 
results are summarized in Table 131. 


Table 131. Summary of results of analysts of suspended solids from 11 composite 
samples from 120 samples of water taken off Southend on 13th April 1955 














Minimum Mean Maximun 
Concentration in composite samples {p.p.m.) 39 b= SO 274 
Loss on ignition (per cent of dry weight) Ay, 24 30 
Organic carbon (per cent of dry weight) 3-0 530 6°8 
Oxidizable nitrogen (per cent of dry weight) 0-42 0-63 ibasike, 


These samples had a higher content of organic carbon than any of the samples of bottom 
deposits taken between Mucking and Southend during 1949 and 1950 but were not as high as many 
samples from near Barking (‘Table 108, p. 296). 

Some evidence about the source of deposits in the central reaches of the estuary was obtained 
by Prof. A. L. Roberts and Dr. R. W. Grimshaw of the Department of Coal, Gas, and Fuel 
‘Technology of the University of Leeds. They examined samples taken from Barking Reach 12-3 
miles below London Bridge, microscopically and by differential thermal analysis, and compared 
the results with those of similar examinations of samples from the Queen Mary Reservoir—which is 


BOTTOM DEPOSITS 325 


filled from the Upper ‘Thames—and of samples (from the outer estuary 70 miles below London 
Bridge) which might be expected to represent the type of material carried into the estuary by tidal 
action. Little could be deduced from the thermal analysis because of the large proportion of coal 
in the sample of deposits from Barking Reach, but from the microscopical evidence it seems likely 
that these deposits are derived from the tidal current rather than the upper river as there were no 
signs of the fossil remains which were frequent in the reservoir samples; the samples from Barking 
Reach contained angular sand particles, and occasional needle-shaped fragments of sea-shell 
remains typical of the material from the outer estuary but unlikely to be derived from any of the 
discharges to it; these samples also contained large coal fragments which were no doubt adventitious. 


REFERENCES 


. P.L.A. Monthly, 1960, No. 421, 285; 1963, No. 449, 71, and No. 450, 105. 


2. VEEN, J. V. Dock & Harbour Authority, 1946, 27, 167 and 198. 


10. 
z:. 


2. 
13. 


£4: 
1S. 


. BRITISH STANDARDS INSTITUTION. Methods of Test for Soil Classification and Compaction. 


B.S. 1377:1948, London 1948. (Subsequently revised and published as Methods of Testing 
Soils for Civil Engineering Purposes. B.S. 1377:1961, London, 1961.) 


. DEPARTMENT OF SCIENTIFIC AND INDUSTRIAL RESEARCH. Estuary of the River Mersey. The Effect 


of the Discharge of Crude Sewage into the Estuary of the River Mersey on the Amount and 
Hardness of the Deposit in the Estuary. Water Pollution Research Technical Paper No. 7. 
H.M. Stationery Office, London, 1938 (reprinted 1961). 


. Livinestong, D. A. Ecology, 1955, 36, 137. 
. Harvey, H. W. The Chemistry and Fertility of Sea Waters. Cambridge University Press, 


1955, p. 4. 


. THorPE, E. A Dictionary of Applied Chemistry, Vol. II, p. 287. Longmans, Green & Co., 


London, 1927. 


. DEPARTMENT OF SCIENTIFIC AND INDUSTRIAL ResearCH. Hydraulics Research 1954. H.M. 


Stationery Office, London, 1955, p. 11. 


. DEPARTMENT OF SCIENTIFIC AND INDUSTRIAL ResearRcH. Hydraulics Research 1958. H.M. 


Stationery Office, London, 1959, p. 26. 

Painter, H. A., and Viney, M. J. biochem. microbiol. Technol. & Engng, 1959, 1, 143. 

Mitner, H. W. The Chemical Composition of Algae. In ‘Algal Culture from Laboratory to 
Pilot Plant’. Ed. J. S. Burlew. Carnegie Institute of Washington Publication 600, 1953, p. 285. 

GRINDLEY, J. Dock & Harbour Authority, 1955, 36, 79. 

Gameson, A. L. H., and Barrett, M. J. Oxidation, Reaeration, and Mixing in the Thames 
Estuary. In ‘Oxygen Relationships in Streams’. U.S. Public Health Service, Robert A. ‘Taft 
Sanitary Engineering Center, Tech. Rep. W582, 1958, p. 63. 

Inc.Is, C. C., and ALLEN, F. H. Proc. Instn civ. Engrs, 1957, 7, 827. 


DEPARTMENT OF SCIENTIFIC AND INDUSTRIAL ResEARCH. Hydraulics Research 1957. H.M. 
Stationery Office, London, 1958, p. 31. 


CHAPTER, 12 


Rate of Utilization of Oxygen 


Any detailed study of the balance of oxygen in a body of water such as the Thames Estuary requires 
an exhaustive examination of all the ways in which oxygen is made available to the system and of 
how it is used. In the present chapter the average rate of utilization of oxygen in the estuary, from 
Teddington Weir to the seaward boundary, considered for this purpose to be 42} miles seaward of 
London Bridge at half-tide, is estimated. 

This estimation was made originally for the 4-year period from 1950 to 1953, and the calculation 
of each term in the pages that follow is for that period—except where there have been subsequent 
changes such as the introduction of oxygen to the efHuents from Northern Outfall Sewage Works 
and Belvedere Power Station (pp. 337-339). In the tables on pp. 332 and 346, where the results 
are summarized, details are also given for 1960-62. 

Firstly, it is assumed that over each of these periods the average rate at which oxygen was being 
used in the estuary was equal to that at which the oxygen demand of the incoming material was 
being satisfied. The ultimate oxygen demand of the oxidizable matter entering the estuary was 
assessed in Chapter 9; the sources of this matter include many discharges of sewage effluents, 
storm sewage, and industrial wastes, and the fresh water from the upper river and the tributaries. 
Another source which has been examined (but without any really satisfactory result) is the large 
quantity of solid matter which is thought to enter from the sea. Not all the oxygen demand of these 
various sources of pollution is satisfied within the confines of the estuary, and allowance must be 
made for the rate at which oxidizable substances are lost from the system. Probably the most | 
important factor here is the deposition of solid matter which is later removed in the course of 
dredging, but it is likely also that an appreciable amount of oxidizable matter is lost across the 
seaward boundary of the estuary under the influence of tidal mixing and the flow of fresh water. 
In assessing the ultimate oxygen demand of each polluting discharge, it was assumed (in Chapters 
8 and 9) that all the organic carbon would eventually be oxidized to carbon dioxide, and all the 
ammonia and organic nitrogen to nitrate; however, the escape of methane and undissociated 
ammonia to the atmosphere, and the oxidation of ammonia to nitrate followed by reduction to 
inert molecular nitrogen, represent losses of U.O.D. which must be subtracted from the total 
entering the estuary. The possibility that the oxygen demand of the total amount of oxidizable 
matter present in the estuary at the end of the period was substantially different from that at the 
start has been neglected. 

Secondly, the rate of utilization is equated to the rate of supply of oxygen. Most of the oxygen 
used in the oxidation of polluting matter enters the estuary by solution from the air above it. 
It has not been found possible to determine experimentally, with sufficient accuracy, the rate of 
solution of oxygen by the water (see Chapter 13), and at this stage it is only possible to calculate the 
weight of oxygen entering from the air in terms of the mean value of the unknown coefficient determin- 
ing the rate of exchange of oxygen between the air and water. Substantial quantities of oxygen also enter 
from the Upper Thames, and smaller quantities from the tributaries, in the efluents from Mogden 
and Northern Outfall Sewage Works and Belvedere Power Station, and in rain falling on the 
estuary. (The entry of oxygen from Northern Outfall and Belvedere did not start until after the 
1950-53 period.) Further oxygen is made available by the reduction of oxidized nitrogen entering 
in the land-water discharges. Sulphate which is reduced under anaerobic conditions and which 
is not subsequently oxidized is an additional source of oxygen. Exchange across the seaward 
boundary of the estuary must also be taken into account. 

Equating the rate of utilization to the rate of supply of oxygen then makes it possible to estimate 
the average value of the coefficient determining the rate of solution of atmospheric oxygen. 

It will be evident from what follows that many of the calculated quantities are far from accurate, 
and that some of the estimates could have been improved by obtaining additional infornaatiee 
during the period when the Laboratory was taking samples from the estuary. However, it was not 
until the calculations were well advanced that the full importance of a number of the factors 
involved was fully realized. The calculations for 1950-53 have been continually revised in the light 
of further information over a period of some nine years, with the result that changes have been 
made on each occasion that parts of the work have been published!; the results given here 
supersede all the earlier estimates. 

Attempts were also made to estimate the rate of utilization of oxygen by a more direct method 
employing the B.O.D. figures for the estuary water. Although this method superficially appears 
more attractive than that described below, the calculations were found? to involve so many uncer- 
tainties that it was eventually abandoned. 
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ESTIMATE FROM NET RATE OF ENTRY OF 
OXIDIZABLE MATTER 


The various sources of pollution were examined in detail in Chapters 4 and 9, and the loads 
of polluting material entering from Teddington to 32 miles below London Bridge were shown in 
Table 88 (p. 245) where the average total load of U.O.D. to this part of the estuary during 1950-53 
was estimated to be 1395 tons/day. To obtain the average rate of utilization of oxygen down to 
42% miles below London Bridge at half-tide, it is necessary to add to this figure the estimated 
weight of U.O.D. entering daily between 32 and 423 miles, and to subtract the U.O.D. load lost 
from the estuary. Even if part of the theoretical U.O.D. is due to substances not readily utilized 
by the bacteria present, the difference between the gains and losses in U.O.D. load still represents 
the total weight of U.O.D. satisfied within the estuary. If, however, the difference between the total 
weight of oxidizable material present in the estuary at the beginning and end of the period is very 
great, the average rate of change should be taken into account and allowance made for that part of 
the U.O.D. which is unlikely to be satisfied. Loss of U.O.D. (which was not considered in the 
earlier chapters) results from deposition and subsequent dredging, from displacement and mixing 
through the seaward boundary of the estuary, and from the loss to the atmosphere of methane, 
ammonia, and molecular nitrogen—the last being evolved by reduction of nitrate formed in the 
estuary. 


EFFECTS OF DEPOSITION AND DREDGING 


Much of the oxidizable material entering the estuary is in the form of suspended solid matter 
which may settle to the bed of the estuary; the deposits formed will later be eroded, or will be 
partially oxidized before being covered up by fresh deposits and eventually removed from the 
estuary during the course of dredging. In estimating the net rate of utilization of oxygen, allowance 
must be made for this loss of oxidizable material. Over a period of many years the total ultimate 
oxygen requirement of the dredging spoil may be assumed to be almost the same as the net loss 
of U.O.D. from the system following the deposition of solids. 

The balance of solid matter entering and leaving the estuary was discussed in the previous 
chapter, and the average rate of removal of solid matter by dredging was given in Table 130 (p. 322); 
for the period from 1934 to 1953 this rate was estimated to be 1144 tons dry weight per day. 
The U.O.D. of the material is calculated from its contents of organic carbon and oxidizable nitrogen. 
In considering the oxidation of mud deposits (p. 321) the weight of oxygen consumed was taken 
to be three times that of the carbon oxidized; the same ratio will be used here. The oxidation 
of each ton of oxidizable nitrogen will be assumed, as on p. 221, to require 4-57 tons of oxygen. 
The organic matter removed during maintenance dredging is unlikely to have originated solely in 
discharges from land sources, some (perhaps even a large part) may have entered from the sea. 
The net exchange of solid matter over the seaward boundary was considered on pp. 323-325, 
and the difficulties in estimating its effect were discussed on p. 243. Owing to the uncertainties 
involved, this exchange is necessarily neglected in the present calculations; consequently, the 
effects of deposition and dredging are likely to have been over-assessed. 

The contents of organic carbon and oxidizable nitrogen in bottom deposits were given in the 
previous chapter. All the relevant figures have been suitably averaged and then plotted against the 
position in the estuary from which the samples were taken. From the resulting diagrams the averages 
for each reach where dredging is carried out by the P.L.A. have been estimated and the U.O.D. 
has then been calculated. For the docks and Tilbury Tidal Basin the necessary information has 
been obtained from the results of analyses of samples from these sources summarized in ‘Table 116 
(p. 310). The weighted average U.O.D. for the spoil removed from the estuary upstream of Lower 
Hope Reach by the P.L.A. has been used in deriving the U.O.D. load relating to dredging by other 
authorities. Details of the estimated carbon and nitrogen figures, and of the average rate of loss 
of U.O.D. by deposition during 1950-53 are given in Table 132. (The last two columns are 
discussed on p. 340.) 

To allow for the effects of deposition and dredging, the figure of 278 tons/day has been subtracted 
from the average rate at which the U.O.D. load of the oxidizable material was discharged to the 
estuary in 1950-53. It is considered that this removal of U.O.D. takes place initially by deposition, 
and that the most satisfactory means of estimating the rate of deposition is by equating it to the 
average rate of dredging over a long period. A correction is required, however, for the effect of the 
dumping at Mucking (within the estuary) of some of the dredging spoil. Details of the quantities 
involved were given in Table 129 (p. 321); in this case the most suitable figures to use are those 
for the period being considered, namely 1950-53. (The effect of the war-time dumping of dredging 
spoil and sewage sludge at Mucking Flats on the distribution of dissolved oxygen was discussed 
on pp. 162-164.) This dredging spoil, which was collected by means of grab-dredgers from places 
such as dock entrances, has been assumed to have the same contents of oxidizable carbon and 
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nitrogen as the weighted average of the material removed from the docks and tidal basin and shown 
in Table 132; this leads to an ultimate oxygen demand equal to a quarter of the dry weight, and hence 
the dumping is equivalent to a discharge with a U.O.D. load of 27 tons/day. The average net rate 
of loss of U.O.D. by deposition and subsequent dredging and dumping is thus estimated to have 
been 251 tons/day during 1950-53. 

The data of Table 132 are used in Chapters 17 and 18 for all calculations of the condition of the 
estuary water up to the middle of 1955, at which time the polluting load discharged from the Northern 
Outfall was substantially reduced (see Fig. 147, p. 232). It is reasonable to assume that, as a rough 
approximation, a change in the total load of organic solids discharged to the estuary 1s accompanied 
by a corresponding change in the load deposited. Consequently the loads given in Table 132 have 
been amended for each major change in polluting load after the middle of 1955, the figures used 
being proportional to the estimated loads of suspended organic matter entering the estuary; these 
loads have been taken as the sum of the products of the weight of solids entering from each source 
and the proportional loss of these solids on ignition. This adjustment is necessarily rough, but it 
seemed the most reasonable one to make from the data available. 


Table 132. Estimated average ultimate oxygen demand and sulphide content of material 
dredged during 1934-1953 from estuary, docks, and Tilbury Tidal Basin 






































Average Equivalent 
rate of Organic Oxidizable Sulphide gain in 
a? ; | dredging carbon nitrogen U.O.D. load | (as S, per oxygen 
Position of dredging | (tons dry (per cent of | (per cent of (tons/day) cent of dry by loss of 
weight dry weight) | dry weight) weight) sulphide 
per day) (tons/day) 
By Port of London Authority 
Upper Pool 0-18 2-90 0-28 0-02 0-05 0-00 
Limehouse Reach 7°33 | 2°95 0-24 0:72 0-06 0-01 
Blackwall Reach : 3-18 Baus 0:22 0-39 0-11 0-01 
Bugsby’s Reach | 9-36 | 4-15 0-24 (WOO) 0-12 0-02 
Woolwich Reach | 0-33 | 4-90 0-32 0-06 0-14 0-00 
Gallions Reach 58-8 | 5°20 0-36 10-2 0-16 0:17 
Barking Reach eee 16 5:05 0:36 46°4 0-20 0.99 
Halfway Reach 125 4-55 0-33 19-0 24 0-52 
Erith Reach 0-20 : 4-05 0-28 0-03 0-22 0-00 
Erith Rands 0-15 | 3-80 0-24 0-02 0:24 0-00 
Long Reach | 6-50 3-80 0°25 0-81 0-10 0-01 
St. Clement Reach Ois39) 3-20 Da22 0-04 0:00 0-00 
Northfleet Hope STs 3-05 0-20 0-37 0-01 0-00 
Off Tilbury Cargo Jetty 1-43 | 3-05 0-22 0-15 0-17 0-00 
Gravesend Reach j*o2t9 | 4-05 0-42 44-7 0-06 0-24 
Lower Hope Reach ! 1-45 2-90 0-32 0-15 0-10 0-00 
Sea Reach 8-64 0-66 0-05 0-20 0-02 0-00 
St. Katherine Dock 13-0 3-40 O-14 
London Dock 8-46 chi a { 2-22 0-07 
Surrey Commercial Dock teil 195 0-86 24-1 0-42 0-70 
India and Millwall Docks 72-8 19-1 0-59 
East India Dock 9-79 } ey PE { 2-56 0-08 
Royal Docks 140°-5 7-45 0-78 36:4 0-70 1-93 
Tilbury Docks 48-9 5-90 0-61 10:1 0:30 0-28 
Tilbury Tidal Basin | 244 5-00 0-85 46-1 0:17 0-73 
Totals | 
Estuary 822 124-5 1-97 
Docks 381 97-9 3-76 
Tidal basin 244 46-1 0:73 
By other authorities 60 9-2 0°45 
Granp Torar | 1507 | 278 6-6 











LOSS OF DISSOLVED MATTER TO THE SEA 


The displacement of water through the seaward boundary by the land-water flow results in the 
loss from the estuary of organic matter in suspension and solution. If the concentrations of organic 
matter on the two sides of the boundary are different, there will also be a net gain or loss due to 
mixing. As pointed out on p. 327, it has not been found possible to make allowance for the net 
exchange of solid matter agross the boundary. The losses of dissolved organic matter by displacement 
and mixing will be considered separately. 
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Loss by displacement 


Quarterly averages of the B.O.D., and of the contents of ammoniacal nitrogen and suspended 
solids off Southend have been obtained from L.C.C. data. From these figures it appears that the 
B.O.D. attributable to each p.p.m. suspended solids is about 0-01 p.p.m. Making allowance for 
this, and taking the product of the estimated B.O.D. of the dissolved matter off Southend with 
the average land-water flow at that point, gives 6 tons/day for the average rate of loss of B.O.D. 
in dissolved substances. It is estimated that the corresponding loss of dissolved organic oxygen 
demand is about 12 tons/day. The figures for ammoniacal nitrogen lead to a further loss of 22 tons 
U.O.D. per day. The average total daily loss of U.O.D., by displacement of soluble substances 
through the seaward boundary of the estuary, will thus be assumed to be 34 tons/day; the estimated 
losses are largely dependent on the total land-water flow and therefore vary greatly from one 
quarter to another—the individual quarterly averages ranged between about 6 and 135 tons/day 


within the 1950-53 period. 


Loss by mixing 
The loss to the sea resulting from the dispersion of material by tidal mixing has been calculated 
by application of the theory developed in Chapter 14 in essentially the same way as for the transfer 


of salt through any particular cross-section (pp. 400-401). ‘The escape of oxidizable material in 
solution across the seaward boundary, during a period of two tides, is equal to 


a ‘ fie UX(L+l)dl — [. UY(L—|al| (80) 


where L is the mixing length of 9 miles, U is the U.O.D. attributable to substances in solution 
in the water / miles seaward of the boundary, and X, Y are the corresponding values of the mixing 
constants listed in ‘Table 153 (p. 403). It is necessary to reduce this equation to a form that can be 
treated numerically; the one that has been used is 


0 8 
My =§{ ES VesXey(Bb+i — B Vins Ven 8b}, (81) 
i=—8 i=0 

where U;, is the estimated U.O.D. due to dissolved matter a distance 7 miles beyond the seaward 
boundary, and a is the factor necessary to express Mz as a rate, in tons/day, when U is in p.p.m. 
and X and Y are in 10° ft? (Table 153). The U.O.D. due to carbonaceous matter and organic 
nitrogen was estimated from the B.O.D. figures of the L.C.C. for samples taken off Greenhithe, 
Gravesend, Southend, and in some cases D4 Buoy (644 miles below London Bridge), reduced 
by the estimated B.O.D. of the suspended matter. The average value for the period 1950-53 was 
estimated to have been 67 tons U.O.D. per day, the individual quarterly averages ranging between 
15 and 142 tons/day. It was estimated that, on average, a further 114 tons of U.O.D. were lost 
daily by the escape of ammonia to the sea, the quarterly averages ranging between 26 and 212 tons/day 
(roughly in proportion to the quarterly averages of the land-water flow). It can be shown that 
during this period about a quarter of the ammonia entering the estuary was lost by mixing exchanges 
with the sea (see also Table 77, p. 218); this figure is consistent with those derived from theoretical 
considerations shown in Table 183 (p. 540)—particularly if approximate allowance is made for the 
effect of restricted nitrification in the middle reaches during 1950-53. 

The total average loss of U.O.D. by mixing is thus estimated to have been 181 tons/day. 
Adding the figure of 34 tons/day for the average loss by displacement, the total rate of escape of 
oxidizable matter in solution from the estuary 42} miles below London Bridge in 1950-53 is 
estimated to have been 215 tons U.O.D. per day. 

No allowance has been made for the loss by displacement and mixing of dissolved unoxidizable 
residues having a theoretical U.O.D. (see p. 347). 


LOSS OF MOLECULAR NITROGEN 
AND AMMONIA TO ATMOSPHERE 
Molecular nitrogen 
Most of the oxidizable nitrogen discharged to the estuary is eventually oxidized within it. 
If part of the nitrate (or nitrite) thus formed is subsequently reduced to molecular nitrogen 
(pp. 247-249), the ammonia has, in effect, been oxidized to nitrogen instead of to nitrate, and the 
overall reaction may be written 


ANH, + 30, -> 2N, + 6H,O. (82) 


The oxidation of ammoniacal nitrogen to molecular nitrogen thus requires only three- eighths as 
much oxygen as the oxidation to nitrate (compare Equation 30, p. 221), and the saving in oxygen 
may be expressed as a removal of U.O.D. 
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It is convenient to consider separately the nitrate formed upstream and downstream of the region 
of denitrification. An estimate of the quantities involved upstream has been made in the following 
way. Quarterly average distributions of ammoniacal nitrogen have been found from the L.C.C. data, 
and it has been assumed that these distributions represent, approximately, equilibrium conditions 
during the quarter, so that the mass of nitrate formed upstream of the region of denitrification 
is equal to the mass of nitrate passing into this region. It is further assumed that nitrification proceeds 
exponentially, with the rate-constant given by Equation 29 (p. 219), wherever the oxygen content 
is greater than 5 per cent saturation (p. 220). Thus the rate of formation of nitrate in the upper 
estuary is given by k | Namm4 4x, where « is the rate-constant, NV,,,, is the concentration of ammonia- 
cal nitrogen x miles below London Bridge, A is the cross-sectional area at the same point, and 
the integration is carried out from ‘Teddington to the point at which the oxygen content first falls 
to 5 per cent; this expression has been integrated numerically. The average quantities of nitric 
nitrogen calculated, in this way, to have been formed daily in the upper reaches are shown in 
Table 133(a). 


Table 133. Estimates (tons/day) of (a) rate of formation of nitric nitrogen by oxidation of ammonia 
within estuary upstream of region of denitrification, (b) rate of reduction (in region of denitrification) 
of nitrate thus formed, and (c) corresponding loss of U.O.D. load 




















Period Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 

(a) Nitric nitrogen formed 1950 28 12 7 27 18 
1951 32 24 5) 24 21 

Oey? 17 14 5 32 16 

1953 18 13 4 13 12 

1950-53 24 16 5 24 17 

(b) Nitric nitrogen reduced 1950-53 12 15 5 20 13 
(c) Resultant loss of U.O.D. load 1950-53 34 42 13 58 By 




















After examining the results of the Laboratory’s surveys made in 1953-54, and relating the 
proportion of nitrate reduced to the fresh-water flow, it was estimated that with the average flows 
occurring during the first quarters of 1950-53 about 50 per cent of the nitrate present at the land- 
ward limit of the region of denitrification would have been reduced before reaching the seaward end 
of the region; for the second, third, and fourth quarters the corresponding percentages were 95, 
100, and 85. It may be assumed that there is no preferential reduction of nitrate formed in the 
estuary, nor of that which entered the estuary as nitrate, so that these proportions can be applied 
to the data of Table 133(a)—thus giving the figures in Table 133(b). On converting to terms of 
the loss of U.O.D., the figures shown in Table 133(c) are obtained. It is thus concluded that, on 
average, during 1950-53 the daily load of U.O.D. was diminished by 37 tons owing to some of the 
introduced oxidizable nitrogen being oxidized to nitrate upstream of the region of denitrification, 
and subsequently being reduced to inert molecular nitrogen in that region; clearly, if the oxygen 
content had not fallen sufficiently for denitrification to proceed, it would have been necessary to 
take into account all the original U.O.D. load. The conversion factors (having an effective average 
value of 76 per cent), used in obtaining Table 133(b) from (a), are admittedly approximate only; 
however, if the true average lies somewhere within the range from 50 to 100 per cent—and it is 
reasonable to suppose that the proportion used is considerably more accurate than either of these 
extreme values—then the errors introduced in proceeding from the overall average value in Table 
133(a) to that in (c) cannot exceed 13 tons/day. 

In addition to the oxidation of ammonia in the upper reaches of the estuary, and the reduction 
(on entering the region of denitrification) of part of the nitrate thus formed, it is necessary to consider 
the reduction of nitrate formed in the lower reaches and carried upstream into the region of 
denitrification as a result of tidal mixing. In estimating the corresponding loss of U.O.D. load, 
use has been made of the distributions of nitrate found by the Laboratory in the fourth quarter 
of 1953 and the first three quarters of 1954. The net exchange of nitrate across the seaward limit 
of the region has been calculated in the same way as the exchange of dissolved oxidizable matter 
across the seaward boundary of the estuary (pp. 328-329). From the figure obtained, and by taking 
into account the flows in the individual quarters of 1950-53, it has been estimated that a further 
18 tons/day must be subtracted from the U.O.D. entering the middle reaches of the estuary. 


The estimated total loss of U.O.D. due to the reduction of nitrate formed within the estuary is 
thus 55 tons/day. 
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Ammonia 


Some of the ammonia present in solution will be lost to the atmosphere in the same way as 
hydrogen sulphide is lost (p. 341) and as oxygen is absorbed (pp. 351-353). Figures are available 
for the concentration of ammonia throughout the estuary; the proportion of ammonia that is 
undissociated may be taken as roughly 14 per cent of the total ammonia in solution (this is assuming 
an average pH value of 7-4). Bapiened? information on the relative rates of exchange of ammonia 
and oxygen is conflicting, but recent work at the Laboratory, using water flowing in an open channel, 
water stirred in a vessel, and water through which a stream of bubbles was passed, indicates that 
the exchange coefficient for ammonia is unlikely to be more than a fifth of that for oxygen (the 
exchange coefficient is defined on p. 352). Using this figure and integrating the product of the surface 
width, the exchange coefficient, and the concentration of undissociated ammonia throughout the 
length of the estuary, an estimate may be obtained of the rate of escape of ammonia to the atmosphere. 
Multiplying by 4-57 (Equation 33, p. 221) then gives the equivalent ultimate oxygen demand of 
the ammonia lost. Calculations have been made for each quarter of 1950, for one of 1955, and for 
one of 1956; the individual values varied between 3 and 6 tons oxygen equivalent per day and the 
average for 1950-53 is estimated to have been 4 tons oxygen equivalent per day—these figures may 
well be somewhat too large. 


LOSS OF METHANE TO ATMOSPHERE 


In the bed of the estuary, organic matter is decomposed under anaerobic conditions; one of the 
products is methane (Table 121, p. 315) which escapes to the atmosphere in the form of bubbles 
and represents a loss of oxidizable material from the estuary. 

The average rate of evolution of methane from Tilbury Tidal Basin during 1950 has been 
estimated (using the data plotted in Fig. 187, p. 315) to be about } ton/day. One ton of methane 
requires 4 tons of oxygen for its complete oxidation, so that the ultimate demand of the methane 
lost from the tidal basin is estimated to have been about 1 ton/day. Two methods have been adopted 
in calculating the ratio between the rate of loss of gas from the whole of the docks and estuary 
and that from the tidal basin alone. In one method it was assumed that the rate of evolution of gas 
was proportional to the dry weight of material deposited, and that when working with mean values 
for 20 years this would be nearly proportional to the dry weight of material removed in dredging. 
The other method differs only in that the dry weight is replaced by the weight of organic carbon. 
The two methods give almost the same answer and the figure that will be used for the oxygen 
equivalent of the methane lost to the atmosphere during 1950-53 is 4 tons/day. Since this has been 
derived from measurements made over only 1 m? of the tidal basin and continued for less than 
a year, it is clear that too much reliance must not be placed on it. 


SUMMARY 


The estimated values of the various quantities concerned in this assessment of the average net 
rate of utilization of oxygen in the Thames Estuary between ‘Teddington and Southend during 
1950-53 are summarized in Table 134. Most of the figures given in the first part of the table have 
been taken directly from Tables 84-87 (pp. 236-242), but with adjustments where the total loads in 
these tables do not refer to the whole estuary from Teddington to 424 miles below London Bridge 
at half-tide. These adjustments include additional loads to allow for the entry of oxidizable material 
from Discharges 129-132 (see p.90) and from the River Medway (p. 59)—although there is 
insufficient information to provide reliable estimates. The figures given in the second part of 
Table 134 were derived earlier in the present chapter. 

Also included in the table are the corresponding values for 1960-62. From the accounts given 
above of how each of these terms was estimated it is evident that the possible sources of error are 
manifold, but it is believed that the calculations that have been made are as reasonable as is 
practicable from the available data. It has not been possible to estimate the change in the total weight 
of U.O.D. present in the estuary from the beginning to the end of the period; it is likely to have 
been greatest in the mud deposits. 

It is seen from the table that although the total known gains are estimated to have decreased 
by about 6 per cent from 1950-53 to 1960-62, the average net rate of utilization is estimated to 
have increased by the same proportion. ‘The nei reduction in load was accompanied by a slight 
increase in concentration of dissolved oxygen and a considerable shortening of the length of estuary 
in which denitrification was occurring, so that in the latter period more ammonia was oxidized 
within the estuary and less lost to the sea. Although less oxygen was supplied by the reduction of 
nitrate in 1960-62, more will have entered from the air, since the rate of reaeration will have 
increased owing to the lower concentration of contaminants (see pp. 374-380). Whereas the total 
U.O.D. entering the estuary is estimated to have been reduced by 6 per cent, the loss by deposition 
and dredging is estimated to have fallen by 15 per cent, thus tending to offset the reduction that 
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would otherwise have occurred in the rate of utilization of oxygen. The evaluation of the deposition 
term for 1950-53 was subject to considerable uncertainty (see pp. 327-328); estimation of the change 
in this term from 1950-53 to 1960-62 is even more difficult. What appeared to be the most reasonable 
assumption to make (p. 328) was that the rate of loss of U.O.D. by deposition is proportional to 
the rate of entry of organic solid matter. he most important reduction in load between these two 
periods was that at Northern Outfall; this was achieved largely by removal of organic solids while 
the ammonia content was virtually unaltered. On the basis of the assumption outlined above, 
the reduction in load from this source would thus be largely offset by the reduction in solid matter 
deposited (see also p. 498). 


Table 134. Estimated average net rates of entry (tons/day) of ultimate oxygen 
demand to estuary between Teddington and Southend during 1950-53 and 1960-62 


ie fe act 1960-62 
Northern Outfall Sewage Works 523 338 
Southern Outfall Sewage Works 22 293 
Mogden Sewage Works 91 129 
Other sewage works 172 220 
Storm sewage 19 22 
— 1037 ——, | 9a3 
Flue-gas washing at power stations 4 8 
Other direct industrial discharges 139 96 
ikea peels 
Upper Thames 140 180 
Tributaries 106 114 
ey AO one 
Atmospheric pollution 4 4 
Total known gains 1430 1387 
Less 
By deposition and dredging 251 214 
In solution to the sea 
by displacement 34 25 
by mixing 181 118 
— 215 — 143 


By escape of incompletely oxidized nitrogen to atmosphere 
as nitrogen ne) 23 
4 


as ammonia 4 
59 — 27 
By escape of methane to atmosphere 4 4 
Total known losses 529 388 
Average net rate of utilization of oxygen (by difference) 901 999 


Owing to the uncertainties in these calculations, neither the decrease of 6 per cent in the total 
U.O.D. load nor the increase of 6 per cent in the rate of utilization of oxygen can be considered 
precise but, qualitatively, the results appear reasonable. The overall rate of utilization of oxygen 
is not, of course, the most important factor when considering the condition of the estuary; the 
intensity of pollution, as judged by the maximum degree of oxygen depletion or by the length of 
estuary containing little or no dissolved oxygen, is of far greater importance. Thus, although the — 
rate of utilization is estimated to have increased from 1950-53 to 1960-62, the condition of the water 
undoubtedly improved between these two periods. 


NET RATE OF SUPPLY OF OXYGEN 


The sources of oxygen were outlined on p. 326 and each is considered in detail below. In the 
summary table (on p. 346) numerical values are given which relate to average conditions in 
1950-53 and 1960-62, but in the text the derivation of these values is confined to the earlier 
period—except when discussing sources of oxygen which were introduced between the two periods. 


As is to be expected, by far the largest part of the oxygen entering the estuary is that which is 
dissolved from the air above it. 
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EXCHANGE WITH ATMOSPHERE 


The fundamental principles of the absorption of oxygen by water are considered on pp. 351-353. 
If the exchange coefficient (f), the concentration of dissolved oxygen (C), and the solubility (C,), 
can be considered constant over the width (y) of the estuary at a distance x from London Bridge, 
then the total rate of entry may be written in the form [f(C,—C)y dx, where the integration is 
carried out from Teddington Weir to 42} miles below London Bridge. 


The exchange coefficient, f 


In the present study the magnitude of the exchange coefficient was initially unknown; it will be 
obtained from consideration of the oxygen balance. Clearly, only a single mean value, f, of this 
coefficient will be obtained, and it will be that given by 


J | (C—O as = | £(C,- Cy de, (83) 


where the integration with respect to distance («) extends over the whole estuary. Since the width 
increases toward the sea, the value of f will be determined more by the value of f in the lower than 
in the upper reaches; no indication of whether or not f varies with position and season will be 
obtained until the observed and calculated distributions of dissolved oxygen are compared—see 
pp. 494-495 and 500-503. The integral on the left-hand side of Equation 83 has been evaluated 
for each quarter of the years considered. 


The oxygen deficit, C,—C 


The data used for the concentration of dissolved oxygen in the estuary are those of the L.C.C. 
Although the figures are generally given in p.p.m. as well as in per cent saturation, only the latter 
figures have been suitably averaged and plotted (see pp. 106-111). Unfortunately, it has been 
necessary to adjust the results for two reasons: firstly because of the errors in the temperature data 
(see p. 448), and secondly because at the time the samples were taken (and even when the 
figures were averaged) the solubility formula for dissolved oxygen, derived from the original work 
of Fox® had not yet been replaced by that derived by Truesdale, Downing, and Lowden‘; although 
the former is believed to be the more correct in absolute terms, the use of the latter is often preferable 
when dissolved oxygen is determined by the methods in general use in this country until 1963 
(the subject is discussed in more detail on pp. 349-351). The following procedure was adopted in 
obtaining the values of C,—C. 

During the second and third quarters of 1951, the third quarter of 1952, and from the second 
of 1953 to the fourth of 1954, temperature measurements throughout most of the estuary were 
made by staff of the Laboratory (see p. 434); the quarterly averages have been used with the 
solubility formula given by Equation 92 (p. 349) in estimating the revised solubility. ‘The observed 
concentration during the same quarters was found from the L.C.C. figures for percentage saturation 
and temperature, using Fox’s formula for the solubility. For each of these ten quarters the value 
of {(C,—C)y dx was found by numerical integration, taking the deficit at intervals of 5 miles in 
the upper and middle reaches and of 2 miles in the lower reaches, and multiplying by the surface 
area of the reach at half-tide. The average changes in the value of this integral from the values 
calculated from the L.C.C. data before adjustment were found to amount to —4, —10, —12, 
and —8 per cent for the four quarters of the year. For those quarters of 1950-53 for which there are 
no reliable temperature data these average corrections have been applied to the results calculated 
directly from the L.C.C. data. The revised figures are shown in Table 135 where they are expressed 
in tons/day per cm/h; thus the average figure of 118 shows that the overall average rate of entry of 
atmospheric oxygen during 1950-53 was 118 f tons/day, where f is the average exchange coefficient 
in cm/h. 


Table 135. Revised quarterly average values of the rate of entry of atmospheric 
oxygen (tons/day), from Teddington to 42} miles below London Bridge, for each cm{h 
of the average exchange coefficient 























Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 

1950 121 95 116 121 113 

1951 ia 94 123 127 116 

1952 120 | 103 117 128 sah 

1953 133 | 97 126 148 126 

1954 127 | 108 121 ee 121 
1950-53 123 97 120 131 118 

| . 
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The data of Table 135 are shown in rather more detail in Fig. 189 where the quarterly and yearly 
averages for the uptake of oxygen are plotted separately for the landward 48 miles of the estuary 
and for the remaining 134 miles to Southend. The low level of the points for second quarters in 
Fig. 189(b) suggests that it is in this quarter that there is the greatest production of oxygen by 
photosynthesis—this is discussed further on pp. 343-345. In the upper part of the estuary the 
values in second and third quarters are more nearly equal. 
























































@—_® Yearly averages 80 
S radtnimy i Hap onOReeL 
75 70 
= E70 a 
> 50 
265 
5 > 40 
de 
ao 
= 557959 1051 1952 1953 1954. °° 1950 1951 1952 1953 1954 


Fic. 189. Quarterly and yearly average rates of entry of atmospheric oxygen to estuary, for each cm/h of 
average exchange coefficient ' 
(a) Teddington to 29 miles 
(6) 29 to 424 miles below London Bridge at half-tide 


The generally progressive increase in the yearly average values in the final column of ‘Table 135 
indicates either that the polluting load was increasing or that the exchange coefficient was decreasing; 
this is further examined on pp. 385-387. The high value for the fourth quarter of 1953 results 
from the reaches of low oxygen content extending further seaward than usual; the reason for this 
is not known, but the shape of the oxygen sag curve (as found from the L.C.C. data and shown in 
Fig. 62(d), p. 124) is confirmed by the analyses of samples taken weekly during the same period by 
the Laboratory. 


ENTRY OF OXYGEN FROM UPPER THAMES 
AND FROM TRIBUTARIES 


If water entering the estuary at a rate of O m.g.d. contains a concentration C p.p.m. of oxygen 
in solution, then oxygen is added to the estuary at the rate of 0-00446Q0C tons/day. The quantities 
of oxygen entering from the Upper Thames, and from the tributaries discharging direct to the 
estuary, have been calculated from the available data (given in Chapter 3) for the flow and oxygen 
content. 

Most of these rivers enter the tidal Thames over a weir or through a sluice, and at such points 
it is to be expected that there will be a gain in oxygen by the river water if it is appreciably 
deficient in dissolved oxygen, or a loss if it is supersaturated’ ®. The oxygen figures for the Upper 
‘Thames and the Wandle refer to points immediately upstream of the final weirs, and it is therefore 
necessary to make allowance for the exchange of oxygen likely to occur at the weirs. 

The quantity of oxygen in the water discharged over Teddington Weir from the Upper Thames, 
and the method of estimating the exchange of oxygen at the weir, are considered first; the aeration 
at two other weir systems is then discussed, after which the weight of oxygen entering from the 
tributaries is assessed. More detailed accounts of the exchange of oxygen at these three weir systems 
have already been published’. 


Upper Thames 


Since the water arriving at Teddington is generally well aerated, and the variations in flow are 
large, the rate of addition of oxygen from the Upper Thames is roughly proportional to the flow. 
To obtain a suitable figure for the quarterly average rates of entry of oxygen, the product of the 
flow at Teddington Weir with the oxygen concentration immediately above the weir was first 
found for each day on which the L.C.C. took samples during the quarter, and the average value 
of this product was then adjusted by multiplying by the ratio of the quarterly average flow to the 
average flow on the six or/seven days when the sampling was carried out. The resulting quarterly 
averages are shown in Table 136. 
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Table 136. Average quantity of dissolved oxygen (tons/day) arriving at 
Teddington Weir from Upper Thames 





Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
1950 97 30 14 90 58 
1951 225 113 23 103 115 
1952 117 53 11 84 66 
1953 88 27 9 30 38 
Average a2 56 14 77 69 

















Aeration at weirs 


The change in oxygen content of water passing over a weir depends on the initial deficit of the 
oxygen content below the saturation value. It is convenient to express the exchange of oxygen in 
terms of the deficit ratio, r, defined by 


eer eres. 
~~ Cy — Cy’ 


Yr 


(84) 


where C, is the solubility, and where C, and Cy are the oxygen concentrations above and below 
the weir, respectively. When the water is initially supersaturated with oxygen, the values of C,—C, 
and C,— Cy are negative. It has been found’ that r changes roughly linearly with the height through 
which the water falls; for any particular height up to at least 10 ft, r for a weir with a free fall is 
greater than for a steep slope, and less than for a weir in the form of a cascade. Some other factors 
affecting r have been discussed elsewhere®. 

Samples were taken on four days in 1959 just above and below the gauge weir at Teddington 
(Plate 2, facing p. 24) where the Upper Thames enters the estuary. Since the oxygen content just above 
the weir is generally close to the saturation value (see Fig. 75, p. 145) it is clear that it will not usually 
be possible to obtain an accurate value for 7. Samples were taken at frequent intervals throughout 
25th August 1959, on which day the recorded discharge was 250 mil gal. The detailed results have 
already been published®. Conditions on this day were very exceptional in that the oxygen content 
above the weir reached 18-6 p.p.m. (240 per cent saturation); such a high degree of supersaturation 
is rarely found even during the late spring when dissolved-oxygen figures at this point are generally 
highest. Below the weir the highest value was 12-6 p.p.m. (160 per cent saturation). 

The relation between the degree of supersaturation above and below the weir when the fall was 
between 8 and 9 ft is shown by the crosses in Fig. 190 which is plotted in terms of the excess of the 
oxygen content over the saturation values, and where, for the purposes of comparison with the 
results of the other three surveys made during the same year, the values of C,—C, have all been 
adjusted to a standard temperature of 15°C by means of the temperature coefficient derived from 
work with an experimental weir®. The slope of the fitted straight line gives a value of 3-65 for r at 15°C. 

From the estimated mean fall at Teddington Weir, and the L.C.C.’s quarterly average figures 
for the oxygen content and temperature of the water immediately above it, the average rate of 
exchange of oxygen at the weir during 1950-53 has been estimated. It is difficult to decide on a 
suitable value of r for periods when the flow is very much greater than when the observations were 
made and only a small proportion of the water is discharged over the gauge weir (see Plate 1, 
facing p. 24). It is thought that on average during these four years there was a gain of some 2 tons/day 
during first and fourth quarters, a slightly larger loss during second quarters (the water in the 
Upper Thames generally being supersaturated with oxygen), and a smaller gain during third 
quarters. The net gain for the 4-year period is estimated to have been about 0-3 ton/day—a figure of 
negligible importance in comparison with the weight of oxygen arriving at the weir (‘Table 136). 

The samples taken in 1952-53 at the mouth of the River Wandle (referred to on p. 33) were 
from above the final weir at Lower Mills, Wandsworth. It is therefore necessary to allow for the 
aeration occurring at this weir. In the 24-h survey made of the water discharging to Wandle Creek 
on 11th-12th November 1958 the dissolved oxygen was measured both above and below the weir 
(see Fig. 32, p. 34). On plotting the values of the deficit ratio, r, against the height through which 
the water fell, it was found? that, on average, the value of 7 increased by 0-16 for each foot increase 
in the fall above about 14 ft—the water not falling freely through this initial height (see Fig. 30, 
p. 32). For a free-falling weir it was estimated’ that, at the temperature prevailing, the value of r 
should have increased by 0-18 per foot of fall. It is evident, therefore, that this weir system is nearly 
as efficient, from the point of view of aeration, as would be a free-falling weir of the same height. 

The total rate of entry of oxygen from the Wandle to the Thames, during this 24-h survey, 
has been calculated by summing the product of the oxygen concentration at the downstream 
sampling point with the discharge, and dividing by the time; in this way, the rate was calculated 


336 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


to be 0-72 ton/day of which 0-26 ton/day was the result of aeration at the weir. The estimated 
average rates of addition due to aeration at the weir in the five quarters considered later in Table 137 
are 0-5, 0-4, 0-4, 0-3, and 0-4 ton/day, respectively, and these figures are subsequently included 
in the estimated total weight of oxygen entering the Thames from the Wandle. 








(i6th June 
So. 30th .* 
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Fic. 190. Relation between degree of supersaturation above (C,—Cg,) and below (Cz—Cs) Teddington 
Weir on four days in June-August 1959 


Data for C,—Cy, adjusted to 15°C 


In a similar 24-h survey, made on the tidal reaches of the River Lee on 2nd—3rd December 1958 
(pp. 38-40), dissolved-oxygen measurements were made® above and below the weir system at 
Three Mill Lane (marked in Fig. 35, p. 37). It was found that 7 increased by about 0-15 per foot 
increase in the height of fall. A second survey® gave similar results, but since nearly all the 
Laboratory’s samples taken in 1952-53 were from below this weir system (p. 38), no adjustment is 
needed to the figures given for the dissolved oxygen in Table 24 (p. 54). 


Tributaries 


The total amount of oxygen entering from all the tributaries that discharge direct to the estuary 
is very much less than that entering from the Upper Thames. The rates of addition of oxygen have 
been estimated from the Laboratory’s data for dissolved oxygen and the local authorities’ data 
for flow, details of which were given in Chapter 3. Quarterly averages for the periods to which the 
oxygen figures relate are shown in Table 137. The figures for the Wandle include the correction 
(calculated above) for the aeration taking place at the final weir; the average oxygen content in the 
Darent and Cray is taken as 80 per cent saturation, and in the Ebbsfleet as 60 per cent; of the total 
estimated entry of oxygen from the Medway, only 35 per cent is assumed to enter upstream of the 
boundary at 424 miles below London Bridge at half-tide, the reduced figure being shown in the 
table. In general it appears that the oxygen added from the tributaries is about a sixth of that 
entering from the upper river, and for the period 1950-53 a figure of 11 tons/day will be used. 


ENTRY OF OXYGEN IN SEWAGE EFFLUENTS 
AND CONDENSER WATER 


Few of the effluents discharged to the estuary in 1950-53 are likely to have contained an 
appreciable amount of oxygen in solution. Probably the only effuent of importance in this respect 
was that from Mogden Sewage Works. The oxygen content has not been determined regularly, 
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Table 137. Approximate rate of addition of oxygen (tons/day) to the 
estuary from its tributaries 


Figures in italics are calculated from rough estimates of discharge 














Year and Quarter 
f Yearly 
Tributary average 
1952 1952 1952 1952 1953 
Ist 2nd 3rd 4th Ist 
Crane — Iho, 0-2 1-1 0-9 0-8 
Duke of Northumberland’s — 0-4 0-4 0-5 0:5 0-4 
Brent 0-3 0-2 0:2 1-1 0-4 0:5 
Beverley Brook 0-4 0:3 0-2 0-4 0:3 0-3 
Wandle 1-4 1-0 0-7 1-0 1-1 1-0 
Ravensbourne — 0:4 0-2 0-2 OFS 0-3 
Lee i 0:7 0-4 2:4 2°5 1-5 
Roding — 0-1 yea 0-9 ‘tied 0-6 
Beam — 0-1 0-2 id 0-1 0-1 
Ingrebourne — ee?) Oud 0-1 0-2 0-2 
Darent and Cray a 0:7 0-4 0:8 1-2 0:8 
Mardyke — GES Dow! Ox2 0-4 0-2 
Ebbsfleet —_ 0-3 0-2 O-2 0:2 0:2 
Medway* — LORS 0-6 55} Leh PSY 
Total —_ 7°77 4-0 12:3 12:3 9-0 




















* Figures represent 35 per cent of total from Medway—see text. 


but it appears to have been about 70 per cent saturation during that period; taking this figure, and 
those for the average flow and temperature during 1950-53, it is found that the average rate of 
addition of oxygen to the estuary was of the order of 3 tons/day. The same proportion has been 
assumed for 1960-62 although the oxygen is likely to have been consumed by activated sludge in 
the outfall culverts. 


Northern Outfall 


Since 1955 the effluent from Northern Outfall Sewage Works has been discharged down a 
cascade into the estuary; at mean high water the cascade is submerged, but at mean low water 
there is a total fall of some 15 ft. Samples of the effluent immediately above and below the cascade 
are taken daily at 9.30 a.m. by the L.C.C. and examined for dissolved oxygen. In 1962 the average 
concentration below the cascade was 4-6 p.p.m. although it was zero above. The aeration thus 
provided is equivalent to a mean value of about 2-0 for 7 in Equation 84 (p. 335), and the same value 
has been estimated from the general formula for aeration at a free-falling weir? when using approxi- 
mate mean values for the temperature and for the height of fall. In 1962 the average rate of discharge 
was 210 m.g.d. so that the average rate of addition of oxygen at the cascade was approximately 
4-3 tons/day. 


Belvedere Power Station 


The Belvedere Generating Station (G17 in Fig. 48, p. 62), which discharges cooling water at a 
point 14-6 miles below London Bridge, was commissioned in stages between May 1959 and July 1961 
when the generating capacity was 480 MW. 'To comply with the conditions attached to the licence 
granted by the Port of London Authority, provision was made for aeration of the cooling-water 
discharge by the installation of four sets of Drysdale’s patent aeration equipment”; by TE 
with the P.L.A. only one of these units is operated continuously. 

Water is drawn from the estuary through a shaft beneath the station jetty, and after passing 
through the condensers it flows over a weir in a second shaft shown in Fig. 191. The water is then 
discharged through a 14-ft diameter tunnel running 1900 ft to the outfall in the estuary. The tunnel 
is 65 ft below Newlyn Datum at the station and rises 4 ft towards the river. 

The aeration equipment, shown diagrammatically in Fig. 191, is installed in the outlet shaft 
and operates by pumping water at a rate of 1-8 m.g.d. through an ejector consisting of a perforated 
metal plate; the water issuing from this meets a stream of air, and the air-and-water mixture passes 
down an absorption tube to join the main cooling-water discharge flowing in the tunnel. The weir, 
which was designed to eliminate the possibility of the cooling-water boiling at low pressures under 
some operating conditions, also affords a secondary source of aeration when there is a loss of head 
around low water. 

The Laboratory, in collaboration with the Central Electricity Generating Board and the Port 
of London Authority, examined the effect of the aeration equipment under different operating 
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conditions during a period of spring tides on 7th—9th February 1962; the results of this work 
are to be published". Observations of the temperature and dissolved-oxygen content of the water 
entering and leaving the station were made at 10-min intervals for about 6 h daily. ‘The influent was 
sampled from a stopcock on the main from which the cooling-water pumps obtain their suction, 
and the effluent from a shaft 220 ft seaward of the aeration shaft, the samples being taken by means 
of a submersible pump. At the time of the tests it was estimated by the Station Engineer that the 
rate of flow of cooling water was 355 m.g.d. 
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Fic. 191. Diagram showing aeration shaft, arrangement of weir, and one aeration 
unit at Belvedere Power Station (not to scale) 


During the period of low water on 9th February the aeration provided by the weir alone was 
examined and the deficit ratio r (Equation 84, p. 335) was evaluated and related to the difference 
in height between the tidal level and the level of the weir. It was found that r increased by about 
0-1 per foot increase in height, and the weir was thus rather more than half as efficient (from the 
point of view of aeration) as expected for a free-falling weir of the same height. The average rate 
of addition of oxygen provided by the weir at low water was about 3 tons/day, but it was estimated 
that over an average tidal cycle the rate would be about 0-3 ton/day. 

The effect of one aeration unit is shown in Fig. 192 where it is seen that for the period from 
noon to 4 p.m. (when no aeration was provided by the weir) the increase in oxygen content was 
about 1-2 p.p.m. At low water the increment attributable to the weir was nearly 2 p.p.m. By summing 
the products of the flow and the increase in oxygen content over the period of one tide, and allowing 
for the contribution due to aeration at the weir, the rate of addition of oxygen due to the aeration 


unit was found to be 1-9 tons/day. For two and four units in operation the rates were 3-7 and 
5-0 tons/day respectively. 
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Fic. 192. /Nariations in dissolved-oxygen content at intake and landshaft at 
Belvedere Power Station with one aeration unit operating, 8th February 1962 
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From these results it is evident that the greater part of the increase in oxygen content of the 
water occurs in the discharge tunnel as the result of solution from bubbles there. Over the period 
of a tidal cycle, the average pressure in the discharge tunnel is about 3 atmospheres and it is 
understood that the pressure in the ejector is about 7 atmospheres. Thus if the average pressure 
in the absorption tube is taken to be 5 atmospheres (it is probably less) and the solubility of oxygen 
at atmospheric pressure is taken as 10 p.p.m., the oxygen content of the water leaving the absorption 
tube could not exceed 50 p.p.m. From this figure, and the rate at which water is applied to the ejector, 
it follows that the maximum rate at which oxygen could be taken into solution in the absorption 
tube is about 0-4 ton/day, that is 21 per cent of the rate actually measured between the intake and 
the landshaft; the remaining 79 per cent presumably went into solution in the discharge tunnel. 


ENTRY OF OXYGEN AS RESULT OF RAINFALL 
Storm sewage 


No figures are available for the oxygen content of storm sewage entering the estuary, but from 
an approximate knowledge of the flow it is possible to put an upper limit on the quantity of oxygen 
provided by this source. During 1950-53 the average rate of discharge was about 12 m.g.d. (from 
Table 43, p. 83, plus 13 per cent for gravitational discharges), so that even if the water contained 
9 p.p.m. oxygen the rate of addition to the estuary would amount to only 0-5 ton of oxygen per day. 
Since the average concentration of oxygen is likely to be far short of 9 p.p.m. it is evident that storm 
sewage as a source of oxygen may be neglected. 


Rain 

The oxygen added in the rain falling on the estuary is another factor of minor importance. 
If the oxygen content of the rain is taken as 10 p.p.m. then the average rate of addition of oxygen 
is found to be about 2 tons/day. However, if 1-4 in. of rain fell in a single day, this would contribute 
some 40 tons of oxygen. The effect of rain on the rate of absorption of oxygen from the air is 
probably of far greater importance than the direct addition of oxygen in the rain (see pp. 370-371). 


BACHANGE OF OXYGEN WITH THE SEA 


The water 424 miles below London Bridge is nearly saturated with oxygen, and the displacement 
of this water through the seaward boundary results in loss of oxygen from the estuary. On the other 
hand, since the oxygen concentration is greater on the seaward than on the landward side of the 
boundary, the mixing of the water—and the consequent exchange of water across the boundary— 
causes oxygen to enter from the sea. The two effects are considered separately. 


Loss by displacement 


It is to be expected that the rate of loss of oxygen to the sea by displacement will be of the same 
order as that entering it from the upper river. Both at Teddington and off Southend the oxygen 
content of the water is generally close to the saturation value, and, while this is lower off Southend 
(owing to the higher salinity), the total flow there is greater (see Fig. 12, p. 14). 

The estimated rates of loss of oxygen by displacement during 1950-53 are given in Table 138; 
these have been derived from the figures for flow given in Table [ (p. 11)—adjusted by means of 
curves similar to those in Fig. 12—and values for the dissolved oxygen obtained from L.C.C. data. 


Table 138. Average rate of loss of oxygen (tons/day) from estuary by displacement 
through seaward boundary (taken as 424 miles below London Bridge at half-tide) 




















Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
1950 Tt 49 29 86 69 
1951 225 122 34 Lola a 120 
1952 123 73 25 84 76 
1953 91 47 21 37 49 
Average 137 73 28 77 Vhs 
ee ee 


Gain by mixing 

The method of calculating the gain by mixing is basically the same as that for the loss of U.O.D. 
(p. 329). The rate of entry of oxygen from the sea is given by Equation 81, but with the U.O.D., U, 
teplaced by the concentration of dissolved oxygen. The results are shown in ‘Table 139. 
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Table 139. Average rate of gain of oxygen (tons/day) by estuary due to mixing 
across seaward boundary 





Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
1950 64 61 116 90 83 
1951 95 75 118 92 95 
1952 13 85 78 86 80 
1953 111 | Us) 123 138 112 
Average 86 74 109 102 92 

















Comparison of Tables 136 and 137 (pp. 335 and 337) with Table 138 shows that the estimated 
average rate of entry of oxygen from the Upper Thames and the tributaries in 1950-53 was virtually 
the same as the estimated loss through the seaward boundary by displacement. The amount entering 
from the sea by mixing was rather more than that lost by displacement. 


REDUCTION OF (so UPA 


When sulphate is reduced to sulphide which is later oxidized back to sulphate, there is no net 
effect on the oxygen balance; but if some of the sulphide is lost from the estuary before being 
completely oxidized, the sulphate will have provided a net gain in oxygen. It appears unlikely that 
any sulphur escapes through the seaward boundary of the estuary in the form of elementary sulphur 
or as sulphide, but both forms are found in mud and will be removed from the estuary in the course 
of dredging. In addition, when hydrogen sulphide is lost to the atmosphere, this process, although 
causing public nuisance, represents a net gain in oxygen by the estuary. The reduction of sulphate 
according to the equation 


H,SO, = H,S + 40 (85) 


shows that for each molecule of hydrogen sulphide lost from the estuary four atoms of oxygen 
have been gained from the sulphate, so that 1 ton of sulphide (as H,S) is equivalent to 1-88 tons 
of oxygen. The oxidation of sulphide to sulphur is represented by the equation 


2H,S& 0, = 20,08 es" (86) 
and the overall equation, from sulphate to sulphur, is 
H,SO, = H,O+5 + 30, (87) 


so that each atom of free sulphur represents a gain of three atoms of oxygen, or 1 ton of sulphur 
is equivalent to 1-5 tons of oxygen. (The possible effects of the formation of oxidation products 
other than sulphur or sulphate have not been considered.) 


Loss by dredging 


The only data available for the free-sulphur content of mud deposits are those of ‘Table 98 (p. 265) 
from which it appears that elementary sulphur accounted for about 0-15 per cent of the dry weight 
of a sample of mud from a short distance seaward of Southern Outfall. Taking the long-term 
average rate of removal of solid matter from the estuary by dredging as 1144 tons dry weight per day 
(Table 129, p. 321) the oxygen equivalent of the free sulphur removed is about 2-6 tons/day. 
T’o base such a calculation on the results of analysis of a single sample is clearly unsatisfactory, but 
since the average sulphur content of all the dredged mud is likely to be substantially less than that 
from the vicinity of the outfalls the true figure is probably so small in comparison with the total 
incoming U.O.D. of 1430 tons/day (Table 134, p.332) that the error in this factor will be 
unimportant. It may be mentioned that the average content of free Ree in two samples taken 
from the Mersey” was 0-26 per cent of dry weight. 

The sulphide content of mud deposits was examined in greater detail i in the previous chapter. 
The average of the 81 samples taken from 15 miles above to 33 miles below London Bridge shown 
in ‘Table 106 (pp. 289-290) was 0-09 per cent (as S) of the dry weight; the average for the 123 
samples farther seaward was 0-02 per cent, and for 36 samples taken from in and near Tilbury 
Tidal Basin in the first 5 months of 1951 was 0-17 per cent. The calculation of the rate of loss of 
sulphide has been carried out in the same way as that for the U.O.D. lost by dredging, and the 
results have been included in Table 132 (p. 328). Where the sulphide has not exceeded 0-02 per cent 
of the dry weight it has been assumed that the sulphide has been in the estuary long enough to be 
considered part of the #atural bed, and for all higher concentrations 0-02 per cent has been 
subtracted before multiplying by the rate of dredging. 
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Loss to atmosphere 


The rate of loss of hydrogen sulphide to the atmosphere cannot be calculated from data 
available; nevertheless, a rough estimation of the order of magnitude of this effect may be made 
from the following considerations. Becker!’ found that the initial rate of solution of hydrogen 
sulphide by distilled water exposed to an atmosphere of hydrogen sulphide was 8-66 x 10-4 g/cm? h. 
He also found the exchange coefficient for oxygen under the same conditions to be about 0-5 cm/h. 
If the assumption is made that the ratio between the exchange coefficients for hydrogen sulphide 
and for oxygen is not affected by the degree or method of disturbance of the water surface, then, in 
considering average conditions in the estuary, Becker’s value for hydrogen sulphide must be increased 
in the ratio of the average exchange coefficient for oxygen (estimated, on p. 346, to be 6-1 cm/h) 
to the 0:5 cm/h of his experiment. 

The absorption coefficient of hydrogen sulphide!* at 22°C (the temperature at which Becker’s 
measurements were made) is 2-43 vols/vol, and taking the density at S.T.P. to be 1-54 g/l. 
it is found that the rate of escape of hydrogen sulphide from the estuary to a sulphide-free 
atmosphere is 1-7 tons H,S/square mile day p.p.m. undissociated H,S in solution. 

The proportion of dissolved hydrogen sulphide that is undissociated is determined by the 
pH value (see pp. 265-269). ‘The average pH value of the estuary is about 7-5 (Fig. 112 and Table 64, 
pp. 182-183), but taking account of the distributions of pH and of sulphide in the estuary (Table 66 
and Figs. 120 and 121, pp. 189-192) and the form of the relation between pH and proportion of 
undissociated hydrogen sulphide (Fig. 167, p. 269) it seems that the weighted average of the 
pH value is best taken as 7-4 and the proportion of undissociated hydrogen sulphide as 25 per cent. 
It was shown (from Equation 85) that each ton of hydrogen sulphide lost is equivalent to 1-88 tons 
of oxygen gained, so that the expression at the end of the last paragraph may be written as 0-8 ton 
oxygen equivalent/square mile day p.p.m. total H,S in solution. 

All that remains is to integrate the dissolved sulphide over the surface of the estuary to obtain 
the term (in square miles x total H,S in solution) required to give a total figure in tons oxygen 
equivalent per day. All the data for dissolved sulphide given in Table 66 for 1951-53 have been 
used (and the dissolved sulphide has been estimated from the total sulphide when only this is given), 
the mean surface area of each reach of 24 miles of which the mid-point is the position for which the 
data are quoted has been found from Fig. 1(d) (p. 5), and the products of area and concentration 
have been summed over the estuary. A temporal average has then been found from the distribution 
of the dates on which samples were taken and the likely concentrations (generally zero) when samples 
were not taken. The final average figure obtained was 5-3 p.p.m. square mile, which then gives a loss 
of hydrogen sulphide to the atmosphere at a daily rate equivalent to the supply of 4 tons of oxygen 
from sulphate reduction. No samples were analysed for dissolved-sulphide content in 1950, but from 
the relative frequency of occurrence of anaerobic conditions it is likely that the escape of sulphide 
was only about half as great as the average for the following three years. Consequently the final 
estimate of the net gain of oxygen from sulphate, as a result of hydrogen sulphide escaping to the 
atmosphere during 1950-53, is 34 tons/day. 

The results obtained for the estimated rate of gain of available oxygen by the reduction of 
sulphate are summarized in Table 140; all the figures must be considered to be rough approximations. 


Table 140. Estimated net rate of gain in available oxygen (tons/day) by 
estuary from loss of reduced sulphate 


Form of loss of 


Gain in oxygen 
reduced sulphate ee i a 








As sulphur 

by dredging 3 
As sulphide 

by dredging 64 

to atmosphere $ 
Total 13 





REDUCTION OF OXIDIZED NITROGEN 
Upper Thames 
The water passing over Teddington Weir in 1950-53 contained an average of 4-4 p.p.m. nitric 
and 0-1 p.p.m. nitrous nitrogen. Examination of the distribution of various forms of nitrogen 
throughout the estuary, together with the work reported on pp. 247-249, suggests that during this 
period most of the nitrate entering from the upper river was reduced to nitrogen and (since there is 
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no evidence for the oxidation of nitrogen in solution) this nitrate must be considered as a source 
of oxygen. 

An estimate of the weight of oxidized nitrogen discharged from the Upper Thames during 
1950-53 has been obtained from the product of the concentrations determined by the L.C.C. 
with the rates of flow recorded by the Thames Conservancy; the results for individual quarters 
are shown in Table 141(a). 


Table 141. Estimates (tons/day) of (a) average rates of addition of oxidized nitrogen to 
estuary from Upper Thames and (b) oxygen equivalent of that part of this 
oxidized nitrogen subsequently reduced in estuary 


—— ee ee 

















Quarter 
Period Average 
Ist 2nd 3rd 4th 
(a) Oxidized nitrogen added 1950 36 11 7 35 22 
1951 74 44 16 49 46 
1952 39 20 KS 27 22 
1953 28 10 5 15 14 
1950-53 44 21 8 31 26 
(b) Oxygen equivalent of oxidized nitrogen 
reduced 1950-53 63 58 22 76 55 




















After allowing for the proportions likely to have been reduced (p. 330), the average oxygen 
equivalents of the oxidized nitrogen supplying oxygen for the oxidation of organic matter are those 
shown in Table 141(b)—it being assumed that every ton of nitric nitrogen that is reduced releases 
2-86 tons of oxygen according to Equation 54 (p. 249); similarly, the reduction of 1 ton of nitrous 
nitrogen yields 1-72 tons of oxygen. 


Tributaries 


Oxidized nitrogen also enters the estuary in the other fresh-water discharges. Very little detailed 
information is available for the nitrate content of the tributaries, but for all the larger ones it has 
been possible to assess approximately the load of nitrate from figures supplied by the various local 
authorities; the effects of the nitrous nitrogen are neglected. For a few of the smaller tributaries 
it has been necessary to make an estimate from the probable amount of organic matter discharging 
to them, based on population figures for the drainage areas. The average rate of entry of nitric 
nitrogen from the tributaries to the estuary in 1950-53 is estimated to have been about 7 tons/day. 
The reduction to molecular nitrogen of all this nitrate would make available, on average, 20 tons/day 
of oxygen. Little of the nitrate from the tributaries enters the estuary downstream of the region of 
denitrification, so there will be little error in assuming that the proportions of this nitrate made 
available in each quarter of the year were the same as derived on p. 330 for all the nitrate entering 
or formed upstream of the region of denitrification; this leads to an average figure of 17 tons/day 
for the oxygen equivalent of the nitrate entering from the tributaries and reduced in the estuary. 


Sewage effluents 


There appear to have been no other sources contributing appreciable amounts of oxidized 
nitrogen in 1950-53, but by 1960-62 there were significant concentrations of oxidized nitrogen 
in the effluents from Mogden, Northern Outfall, and Richmond Sewage Works; the samples of 
Acton sewage taken in 1959 (Table 39, p. 78) contained from 0:5 to 53 p.p.m. oxidized nitrogen, 
but the mean rate of discharge to the estuary was probably of the order of only + ton oxygen- 
equivalent per day. 

In 1960-62 the average concentrations of nitric and nitrous nitrogen in the Mogden efHuent at 
the normal sampling point (see p. 75) were 2:4 and 0-9 p.p.m. respectively; if all this oxidized 
nitrogen had been reduced in the estuary it would have made oxygen available at an average rate 
of 3-5 tons/day. Taking account of the estimated proportion of the oxidized nitrogen passing 
downstream into the region of denitrification, and there reduced, the amount actually made 
available is estimated to have been 1-4 tons/day. 

The average concentrations of nitric and nitrous nitrogen in the Northern Outfall effluent in 
1960-62 were 0-8 and 0-4 p.p.m., and the oxygen equivalent of the oxidized nitrogen discharged 
was 3-2 tons/day; the average amount made available is estimated as rather less than 1 ton/day. 
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The total oxygen made available from the reduction of oxidized nitrogen entering in sewage 
effluents (including a contribution of 0-4 ton/day due to the Richmond effluent and a smaller 
quantity to that from Acton) is believed to have been nearly 5 tons/day in 1960-62. 

Subsequent improvements at many of the sewage works will no doubt be accompanied by increases 
in the quantity of nitrate entering the estuary, but the reduction in polluting load brought about by 
the improved treatment is expected to raise the concentration of dissolved oxygen to such an extent 
that only a small proportion of the available nitrate will be reduced in the estuary. 


LOSS OF OXYGEN IN BUBBLES 


It is estimated, from the results of the work reported on pp. 313-315, that the average rate of 
escape of gas from mud deposits in Tilbury Tidal Basin in 1950 was 4-7 x 108 I. /day; if it is assumed 
that the rate of evolution of gas is proportional to the rate of deposition then the rate of escape 
from the whole estuary is found to have been about 20 x 108 ./day. From the analysis of gas samples 
reported in ‘Table 121 (p. 315) it appears that only about 0-5 per cent of the volume of the bubbles 
is occupied by oxygen; the total daily loss of oxygen is thus of the order of 10°1., or 0-14 ton. 
This calculation is very rough, but it is sufficient to show that the loss of oxygen in this way is 
unlikely to be of any importance in the oxygen balance. 


BEPECTS,OF PHYTOPLANKTON 


From the high concentration of dissolved oxygen found in the outer parts of the Thames!® 
and other estuaries!” 18, and from the quantities of phytoplankton found throughout the Thames 
Estuary (Fig. 102, p. 175), it is clear that photosynthesis may be an important factor in the oxygen 
balance. In the light, phytoplankton release oxygen, formed by photosynthesis, and both in the 
light and in darkness they utilize oxygen for respiration; decaying organisms absorb oxygen. 
In passing through a cycle of growth and complete decay the net utilization of oxygen would be nil; 
in practice the net effect over a year will depend on the ultimate fate of the decaying plankton: if they 
are completely oxidized before passing out of the estuary their net effect on the oxygen balance 
will be slight, but if they fall to the bed of the estuary and are covered up so that oxygen cannot 
reach them, or are removed by dredging, or if they pass out of the estuary in suspension, then the 
net effect will be a gain in oxygen. 


Photosynthesis in the outer estuary 


The degree of supersaturation in the outer estuary during the years from 1915 to 1922 was 
examined by Butler and Coste!® of the L.C.C. They found that “Small excesses of dissolved oxygen 
over the amount required for saturation have been observed in every month of the year (except 
October) but in most years excesses greater than 4 per cent of saturation have been confined to the 
months of May—August inclusive.’ From a consideration of the experimental error, uncertainty in 
the standard figures for solubility, and the fact that barometric pressure was not taken into account, 
the authors decided that 4 per cent was the maximum error likely to exist in determining whether 
or not supersaturation was present. 

It is of interest to examine the figures for dissolved oxygen at some point in the outer estuary 
where the effects of pollution are very slight, and to see if, on average, the mean value over a whole 
year departs significantly from 100 per cent. Quarterly averages for samples taken near Knock John 
Buoy (which lies some 22 miles beyond Southend) are shown in ‘Table 142. 


Table 142. Quarterly averages of dissolved-oxygen content (per cent saturation) 
at Knock John Buoy 





Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter Average 
1950 9327 104-9 101-6 97-1° 100-6 
1951 O91 12 102-9 98-1 102-8 
1952 100-4 10975 100-6 97-6 102-0 
1953 99-0 111-4 9959 98-9 102-3 
Average 0983 LOO? 101-2 98-0 101-9 




















The averages in Table 142 were originally calculated before the introduction of the solubility 
figures of Truesdale, Downing, and Lowden®, and have been adjusted accordingly (but see 
pp. 349-351). Further corrections had to be applied for the estimated errors. in the temperature 
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measurements (see p. 448); the departure of the overall average from 100 per cent may not 
be significant. In each year the highest quarterly average is seen to be that for the second quarter 
and the lowest that for the fourth quarter. 


Effect of temperature variations 


A certain degree of supersaturation would be expected during the second quarter even in the 
absence of photosynthesis, respiration, and oxidation, since the rising temperature causes the 
solubility to fall. In the fourth quarter the reverse happens, and in the other two quarters there is 
little net change in temperature. A rough calculation of the effect to be expected may be made by 
the following method. During any one quarter the average daily change in the solubility is calculated 
from the records of temperature and salinity; dividing this quantity by the mean value of the overall 
absorption coefficient for atmospheric oxygen gives the difference from saturation that will cause 
the daily loss or gain of oxygen to be the same as the rate of change in solubility; the overall 
absorption coefficient is equal to the exchange coefficient divided by the mean depth (p. 352). 
The mean value of the exchange coefficient in this neighbourhood may be 10-12 cm/h (the rate 
reported!® for the open sea is equivalent to 13 cm/h) and the mean depth about 30 ft. It is then 
found that after considering the quarters used in Table 142 the expected average oxygen content 
during the four quarters of the year would be 99-9, 100-7, 99-9, and 99-3 per cent respectively 
if the only cause of departure from 100 per cent were the changing temperature. Clearly the departures 
shown in the table are not just the result of changes in temperature. 


Photosynthesis in the inner estuary 


That photosynthesis is occurring throughout the estuary is clear from Fig. 102 (p. 175). The 
seasonal variations in dissolved oxygen at certain places in the estuary, after allowing for linear 
effects of flow and temperature, were examined on pp. 149-150. Some of the figures given there are 
reproduced in Table 143 where they are compared with the variations 40 miles below London 
Bridge (at which point no relations with flow and temperature are found) and at Knock John Buoy 
(64 miles). It is seen that the variations at these last two points are similar. Whether the effect less 
than 40 miles below London Bridge is due to photosynthesis within the estuary (in which case it 
should be considered here as a source of oxygen), or whether it is due to the effects of photosynthesis 
outside the estuary and of tidal mixing (when it would have already been taken into account in 
considering the exchange of oxygen across the seaward boundary) cannot be readily inferred from 
these figures. 


Table 143. Variations in quarterly averages of dissolved oxygen 
(per cent saturation) about annual average 








Position in estuary Quarter 
(miles below London Period 
Bridge at half-tide) 
Ist 2nd 3rd 4th 
0-25* +1:-7 —0:5 +1-0 —2:2 1920-1952 
35" —0-6 +3-7 —1-6 —1:6 . 
40 —1:3 +6°3 —0:7 —4-1 es 
9 years 
64 —1:2 +5°8 —1-:2 —3-4 during 
1915-1952 

















* Variations calculated after allowing for linear effects of flow, 
temperature, and time. 


The figures in Table 143 suggest that variations in the effects of photosynthesis over the area 
are more marked in the outer parts of the estuary than in the middle reaches. On the other hand, 
inspection of Table 62 (p. 177) suggests the greatest photosynthetic activity to be around 25 miles 
below London Bridge. 

There does not seem to be any satisfactory way of making use of such data as those in Table 62 
in the calculation of the oxygen balance, since the net effect of phytoplankton is the sum of the 
individual effects of their photosynthesis, respiration, and eventual oxidation within the estuary 
or their escape from it. Only if there is a net entry of phytoplankton to the estuary (or escape from it) 
will there be an overall effect produced on the oxygen balance by photosynthesis and the opposing 
factors of respiration and ¢xidation which accompany it. 
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Whether the phytoplankton tend to be carried into or out of the estuary is still a matter for 
conjecture. Certainly at the upper limit (Teddington Weir) the net exchange can only be one of a 
plankton gain by the estuary. Species which can survive only in fresh water (or in sea water) will 
perish in the intervening brackish region and thus contribute a net entry of plankton to the estuary. 
On the other hand the supply of nutrients is greatest in the brackish middle reaches, and growth 
may well be most rapid immediately below the region of low oxygen content. 

Figure 102 indicates that large quantities of phytoplankton were present in the estuary during 
April in both 1952 and 1953. It is believed that the average dry weight of cell material in each diatom 
is of the order of 4x 10~ mg, so that if it is assumed that the .6-ft mid-stream figures for diatoms 
(which are the most abundant phytoplankton) are representative of the whole cross-section, 
the April figures suggest a total dry weight of over 20 000 tons of diatoms in the estuary—compared 
with less than 100 tons in January 1953. Assuming further that some 30 per cent of the dry weight 
is present as organic carbon’, and that the weight of oxygen released during photosynthesis is 
2:67 times that of the carbon utilized (Equation 25, p. 216), then the total oxygen released between 
January and April is found to be about 20 000 tons, or sufficient to supply the oxygen requirements 
in the estuary for about 3 weeks (from Table 134, p. 332). Nevertheless, the numbers of diatoms 
shown in Fig. 102 indicate the greatest net growth in the January-March quarter, whereas 
Tables 62 (p. 177), 135 (p. 333), and 143 all suggest that the photosynthetic production of oxygen 
is greatest during the April—June quarter. 

In the absence of any information that indicates the magnitude, or even the direction, of this 
overall effect it has been necessary to omit this factor from the oxygen balance; it may be a serious 
omission. 


CHANGE IN MASS OF OXYGEN IN SOLUTION 


The difference between the mass of oxygen in solution at the beginning and end of the period 
under consideration (1950-53) represents a gain or loss of oxygen which must be taken into account. 
If there is a net increase of m tons over a period of nm days, then the average rate of increase, 
in tons/day, is m/n. This quantity represents the excess of the rate at which oxygen becomes 
available over the rate at which it is used. Since it is the rate of utilization that is being found, 
m|n must be subtracted from the rate of entry of oxygen. 

The mass of dissolved oxygen present in the estuary at any moment is 

IV = fea dx , (88) 
where C and A are respectively the oxygen concentration and the cross-sectional area at a distance x 
from the head of the estuary; the mean rate of change during a period of m days is (M,—M,)/n, 
where M, and M, are the initial and final masses respectively. 

In calculating the values of M, and M,, the oxygen sag curves were drawn for the first and last 
days of each quarter, the estuary was divided into reaches of 5 miles, and the oxygen content at 
the mid-point of each reach was multiplied by the mean value of the cross-sectional area at half-tide. 
The net rate of increase has been evaluated for each quarter during 1950-53, and the results are 


shown in Table 144. 


Table 144. Average rates of increase (tons/day) in total oxygen content of estuary 
from Teddington to 424 miles below London Bridge at half-tide in 1950-53 








Year Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter 
1950 8-1 —24-4 0:3 16-8 
1951 ible’) — 31-0 —1-8 25:0 
1952 —1-7 —23-2 vial 20-7 
1953 VES —27-7 —0-7 19-2 
Average 6:2 —26-6 hoy 20-4 














Over the whole of this period the estimated average rate of change was less than } ton/day; in 
1960-62 the mass of oxygen in solution is estimated to have increased at an average rate of 1 ton/day. 
The net effect of the figures shown in Table 144 need not be considered in the present calculation 
of the oxygen balance for the whole period; however, if an estimation were required for a single 
quarter, particularly a second or fourth quarter, it might be advisable to take them into account. 
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The various sources of oxygen are compared in Table 145. 


Table 145. Estimated average net rates of entry (tons/day) of oxygen to estuary between Teddington and 
424 miles below London Bridge at half-tide during 1950-53 and 1960-62 


f is average exchange coefficient in cm/h 


1950-53 1960-62 
Exchange with atmosphere 118f 116f 
Fresh-water discharges 
Upper Thames 69 72 
Tributaries : 11 12 
— 80 -- 84 
Effluents from 
Mogden Sewage Works 3 3 
Northern Outfall 0 4 
Belvedere Power Station 0 2 
= © — 9 
Rain 2 2 
From the sea by mixing 92 79 
By loss of reduced sulphate as 
sulphur 
by dredging 3 24 
sulphide 
by dredging 64 54 
to atmosphere 34 0 
— 13 — 8 
By reduction of oxidized nitrogen from 
Upper Thames 55 20 
tributaries 17 6 
sewage works 0 5 
— 72 — 31 
By increase in total oxygen content of estuary 0 1 
118f + 262 116f +214 
Less 
To the sea by displacement 79 79 
Average net rate of utilization of oxygen (by difference) 118/ +183 116f +135 


DISCUSSION 


MAGNITUDE OF EXCHANGE COEFFICIENT 


If ‘Tables 134 (p. 332) and 145 were both without error, it would be possible, by equating the 
two separate estimates for the total average net rate of utilization of oxygen, to obtain the value of f, 
the average exchange coefficient in the estuary. Thus, equating the tee figures given for 1950-53 
in these two tables, gives 

901 = 118f + 183, (89) 
from which it follows that 
f = 6:1 cm/h. (90) 


Using the data for 1960-62 (by which period the concentration of contaminants affecting the exchange 
coefficient had fallen somewhat) gives f = 7-4 cm/h. 

Other methods of estimating the average value of the exchange coefficient are described on 
pp: 354-359 and 364-367, the manner in which f is likely to vary along the length of the estuary 
is considered on pp. 382- 385, seasonal variations are discussed on pp. 500-503, and other factors 
affecting the exchange coéfficient are examined on pp. 367-382. 
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Value to be used in subsequent calculations 


The polluting loads used in Chapters 17 and 18 when calculating the distributions of substances 
in the estuary have been expressed in terms of the effective oxygen demand developed in Chapter 9, 
whereas the loads removed by dredging are in terms of the ultimate oxygen demand. It is not 
advisable to attempt to determine experimentally the effective demand of the dredging spoil since 
it may have undergone anaerobic decomposition, and both the rate and the completeness of oxidation 
of the material when examined may be substantially different from those when it ceased to affect 
the condition of the estuary water. 

The difference between the total average rates of entry of polluting loads, in 1950-53, in terms 
of U.O.D. and effective oxygen demand is estimated to have been 254 tons/day (from Table 88, 
p. 245, with alteration to allow approximately for oxidizable material entering from discharges 
more than 32 miles below London Bridge). Part of this residue is attributable to the presence of 
organic material which will not be oxidized within a few months of being discharged to the estuary, 
and which was not taken into account when drawing up the oxygen balance. The remainder is 
attributable to the approximations introduced in the concept of the effective oxygen demand in 
which the course of oxidation is followed most accurately during the first few days (these points 
were discussed on pp. 226-228); this part of the residue does not affect the oxygen-balance 
calculations in the present chapter since these are concerned solely with U.O.D.—had a more 
complex form of equation been used to represent the course of oxidation it would have been possible 
to make this term smaller. In the succeeding paragraphs it is convenient to refer to the whole of the 
residue as the residual U.O.D. 

It is assumed that part of the residual U.O.D. is included in the solids deposited on the bed 
and later removed during dredging, and that the remainder eventually escapes from the estuary by 
displacement and mixing through the seaward boundary. It is clearly impossible to determine 
experimentally the relative proportions lost in these two ways—the proportions adopted are discussed 
in the next paragraphs. The effective oxygen demand of the solids lost by deposition is thus taken 
as equal to the estimated U.O.D. removed by dredging, minus that part of the residual U.O.D. 
assumed to be deposited. 

In the calculation of the oxygen balance, no allowance was made for the possible escape of 
residual U.O.D. to the sea, and the most appropriate value derived above for the average exchange 
coefficient for oxygen in 1950-53 was the 6-1 cm/h given by Equation 89. If, on the other hand, 
the whole of the residual U.O.D. were assumed to escape in this way, the coefficient would be 
reduced to 3-9 cm/h. 

It might appear that the uncertainty about the fate of the residual U.O.D. could lead to a large 
error in the calculations of distributions of dissolved oxygen. However, provided the exchange 
coefficient is adjusted to maintain the balance of oxygen in the system as a whole, the effect is small. 
This may be seen from Fig. 251 (p. 458) where calculated distributions are compared for the two 
extreme assumptions made above. The two curves in each section of the diagram are so close together 
that it is difficult to distinguish between them. It is concluded that, to minimize the maximum 
error that could be introduced by making the wrong assumption, approximately half the residual 
U.O.D. should be considered to be deposited and the remainder to escape to the sea. In practice the 
round figure of 5 cm/h has been adopted for the oxygen exchange coefficient; when using the figure 
of 254 tons/day for the residual U.O.D. this requires that half the residual U.O.D. is deposited and 
half escapes to the sea. (The final revision of the oxygen balance was not made until after completing 
the calculations in Chapters 17 and 18, and it is pointed out on p. 459 that these are not precisely 
the proportions that have been used.) 


CONCLUSION 


Study of the balance of oxygen in the Thames Estuary shows that there remain many factors 
of which the effects are known only roughly. Of these factors the most important are probably 
the rate of solution of oxygen from the atmosphere, the rate of entry of oxidizable solid matter 
from the sea, the effects of deposition and dredging, and the effects of photosynthesis. Other factors, 
which are likely to be of less importance but which are not known as accurately as is desirable, 
include the ultimate oxygen demand of the polluting discharges, the exchange of organic matter 
across the seaward boundary by displacement and mixing, and the reduction of sulphate and nitrate. 

Nevertheless, this study has shown the relative importance of the numerous factors that play 
a part in the balance of oxygen in the Thames Estuary, and has indicated what factors are likely to 
introduce errors to the subsequent calculations. It is felt that a similar balance would be valuable 
when examining in detail any other estuary, or possibly any other river system; some of the factors 
that have been considered may not be of importance in other systems, but it is advisable to examine 
in detail all the sources of pollution and of oxygen in some such way as has been done in the 
present chapter. 
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CHAPRLERe hs 


Absorption of Atmospheric Oxygen 


There is a continual exchange of oxygen between a water surface and the air above it. This process 
largely determines the distribution of dissolved oxygen in waters polluted by oxidizable wastes 
and it must be taken into account in any study of the oxygen balance. In order to predict 
the distribution of dissolved oxygen in an estuary it is necessary to know the rate of solution of 
oxygen from the air under given conditions and how it will vary with changes in these conditions. 

Unfortunately, the absorption process is influenced by many factors, and it is very difficult to 
measure the rate at which it occurs in large bodies of water. In the past, rates of solution in natural 
waters have generally been estimated either from an approximate knowledge of all other terms 
in the oxygen balance or by calculations based on the theory of diffusion’. Neither method is 
particularly satisfactory—or a convincing substitute for an accurate direct determination. Attempts 
to develop a direct method for use in the Thames were not wholly successful, but many measurements 
were made using a new technique which it is believed gives results of the right order. Estimates of 
the average rate of entry of oxygen were also obtained indirectly, both from an examination of the 
balance of oxygen in the estuary as a whole (Chapter 12) and from calculations based on measurements 
of the rate of consumption of oxygen in the water. 

Information about the factors affecting the rate of solution was obtained not only from the direct 
determinations but also from a series of laboratory experiments under controlled conditions. Before 
considering these measurements in detail it is convenient to discuss the determination of the 
concentration and solubility of oxygen and to review some of the fundamental principles involved 
in the absorption process. 


SOLUBILITY OF ATMOSPHERIC OXYGEN 
AND DETERMINATION OF DISSOLVED OXYGEN 


In calculating rates of absorption of oxygen by water, it is necessary to know the oxygen deficit 
(see p. 351), and this requires a knowledge of the saturation value. Unfortunately, values reported 
by independent investigators differ considerably, sometimes by as much as 6 per cent in the 
temperature range 0-40°C. The figures quoted in works of reference, and generally accepted until 
about 1954, were based on the determinations of Fox* and Winkler® which agree to about 1 per cent 
over most of the temperature range of practical importance. The values calculated by Whipple 
and Whipple® from Fox’s results, and published by the American Public Health Association’, 
have been widely applied in water-pollution studies. 


MoORK AT THE LABORATORY IN: 1950255 


It was found in aeration experiments at the Laboratory, however, that when pure or saline 
water was aerated by stirring slowly at constant speed, and the dissolved-oxygen concentration 
was measured at intervals, by a modification of the Winkler titrimetric method® (using an 
amperometric procedure to detect the end-point’), the results obtained were incompatible with 
the accepted saturation values: plotting the logarithm of the oxygen deficit against time gave a 
curve instead of the straight line required by Equation 93 (p. 351); the direction of curvature 
suggested either that the saturation values were too high (in some cases by several per cent) or that 
the Winkler method gave results which were too low. 

The solubility of atmospheric oxygen was then redetermined! using the same modification 
of the Winkler method. The revised solubilities gave a linear variation of the logarithm of the 
deficit with time for aeration of water under constant conditions. 

Empirical equations were fitted to all the data to give the relation 


C, = 14-161—0-39437+0-0077147? — 0- 0000646 T? — S(0-0841 —0-002567T + 0-000037477), (91) 


where C, is the saturation value (in parts per million) at 7°C in water of salinity S g/1000 g, 
exposed to wet air, free from carbon dioxide, at a pressure of 760 mm Hg. The root-mean-square 
of the deviations of the experimental values from those given by Equation 91 was 0-05 p.p.m. 
Subsequently it was found?! that a simpler relation, 
475 — 2-658 
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fitted the data with almost the same precision as Equation 91. The values given by these equations 
are lower (by 3-4 per cent) than those previously accepted at temperatures below 25°C, but are 
substantially the same at 30-40°C. The accuracy of the Winkler method was confirmed” by 
comparison with a new gasometric reference method, and it was on this basis that the new values 
were published and came to be widely used—although they did not entirely replace the earlier ones. 
Workers in several countries reported that certain field data could be interpreted more satisfactorily 
by using the new values. 

Two points may be mentioned in the application of these and similar equations. In calculating 
the solubility, the values given by the equations must be multiplied by the ratio of the prevailing 
barometric pressure to the standard pressure of 760 mm Hg (at higher temperatures than occur 
in the Thames Estuary it may be necessary to subtract the aqueous vapour pressure from both these 
pressures before obtaining the ratio). ‘The equations assume a linear relation between salinity and 
solubility, and this is not justifiable when the salinity is much greater than that of sea water; for 
instance, nine samples taken in 1954-55 from clean-water areas of the Great Salt Lake, U.S.A., 
where the average salinity was about 250 g/1000 g, showed a mean oxygen content!® of 2:0 p.p.m. 
whereas the average solubility calculated from Equation 91 or 92, or from Fox’s equation’, is negative. 


WORK PUBLISHED IN UNITED STATES OF AMERICAN 1958-2962 


Publication of the lower solubility figures! stimulated fresh work on the subject. Various 
workers provided supporting evidence!4-!’ for the values calculated by Whipple and Whipple® 
(from Fox’s data‘) at low temperatures and those of Winkler’ throughout the temperature range of 
greatest interest; none supported the Laboratory’s findings. 


WORK AT THE LABORATORY AND IN UNITED STATES IN 1960-63 


In this confused situation, the Laboratory began examination of several of the analytical 
methods used by earlier workers—there had then been about thirty publications describing original 
work on the solubility of oxygen in water during the century since the time of Bunsen. Preliminary 
results!8 suggested that the experimental procedure used in obtaining the values! from which 
Equation 91 was derived might have given low results because of the volatilization of iodine 
during and after the transfer of the iodine solutions to the titration beaker. This finding was 
confirmed’, and it is now generally agreed that the lower solubility values! are incorrect. The 
solubility of atmospheric oxygen in distilled water and sea water was redetermined by a modi- 
fication of the Winkler method using the alkaline iodide reagent of Pomeroy and Kirschman?°>—this 
contains seven times as much iodide as the conventional reagent. The high concentration of iodide 
ions favours conversion of a large part of the iodine formed in the Winkler reaction into non-volatile 
polyiodide complexes. 

Subsequent enquiry revealed that the gasometric comparison” referred to above could not be 
taken to support the values given by Equation 91, since losses of iodine vapour had been virtually 
eliminated in the titrimetric procedure used in the comparison, but not in that used in the 
solubility determinations. 

The Laboratory’s most recent solubility values!® for fresh water generally confirm the table of 
solubilities published by Klots and Benson! in 1963. These results are in good agreement with 
those of Morris, Stumm and Galal!’, Steen!4, and several other workers, and differ only slightly 
from the previously accepted values’ and those obtained in a long and careful investigation by 
Elmore and Hayes!*. For sea water the Laboratory’s newest results differ by a small amount 
from those of Fox’. 


DISCUSSION 


Possibly the most important outcome of the Laboratory’s recent investigations is the demon- 
stration’® that two of the recognized and widely used modifications of the Winkler method are subject 
to substantial errors due to the volatilization of iodine. For instance, it was shown that, for samples 
containing between 9 and 13 p.p.m. oxygen, the results obtained by the procedure?? recommended 
by the Ministry of Housing and Local Government were lower than those obtained when using 
the Pomeroy—Kirschman reagent, the discrepancy ranging between 0-2 and 0:4 p.p.m. depending 
on the time taken for titration. The reagents used in the latter method were known to contain a 
negligible amount of dissolved oxygen and the necessary correction was applied for the displacement 
and dilution produced on adding the reagent, but no correction was made in the former method 
(in accordance with the recommended procedure”); this effect alone could account for a maximum 
error of about 0-1 p.p.m. One of the American standard methods®? makes allowance for the 


volumes of reagents addedy but gives a loss by volatilization of iodine similar to that found with the 
Ministry method. 
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As the Ministry method, or some variant of it, has been used for all determinations of the oxygen 
content of the estuary water for many years, the results obtained are probably too low. It appears 
that, so long as this method is employed, it is generally more satisfactory to use Equation 91 than 
the more correct saturation values?!!9, Little use is made in this Report of the actual concentration: 
dissolved-oxygen data are generally expressed in terms of percentage saturation (as in Chapters 6 
and 17-19), the calculations of reaeration (in Chapters 12 and 17-18) make use of the oxygen 
deficit in p.p.m., and the aeration experiments described in the present chapter require knowledge 
either of the ratio between the deficits at two times or of the rate of change in the deficit. In general, 
when the original concentrations are determined by methods similar to those used in deriving 
Equation 91, all these parameters are given more accurately by means of that equation than by using 
the correct solubility data. The greatest errors will occur when calculating the oxygen deficit for 
anaerobic fresh water at low temperatures; the true value then exceeds that calculated by as much 
as 0-4 p.p.m., or about 3 per cent. 

The amount of iodine lost in those determinations of dissolved oxygen of which the results 
are used in this Report, will have depended to some extent on the techniques of the individual 
analysts. It is thus clearly impossible to attempt to amend all the data used, and even if the necessary 
corrections could be applied the changes would have no appreciable effect on the conclusions drawn. 


FUNDAMENTAL PRINCIPLES OF OXYGEN ABSORPTION 


When pure de-oxygenated water at a constant temperature is brought into contact with air, 
oxygen dissolves until the concentration in the water attains the equilibrium or saturation value. 
The equilibrium is essentially a dynamic one in which oxygen molecules are continuously inter- 
changed between gas and liquid, though there is, of course, no net change in the concentration 
of oxygen if the temperature and pressure are unaltered. 

Primarily, the transfer of oxygen from air to quiescent water occurs by molecular diffusion. 
The process is sufficiently rapid to maintain the concentration in the water at the interface virtually 
at the equilibrium value. In quiescent water, however, the rate of absorption through the surface 
is low, because penetration of oxygen from the interface to the main body of water is very gradual. 
When the water is moving, the rate of absorption may be much higher because fresh surfaces are 
formed more rapidly, and because turbulence causes mixing of oxygenated water from the surface 
with water from beneath. In general the more violent the agitation of the water the more rapid is 
the rate of solution. Increasing the turbulence of the air, however, appears to have no effect unless 
it changes the motion of the water. 


THe OVERALE ABSORPTION COEFFICIENT 


When oxygen is absorbed into moving water, the degree of turbulence is often sufficient to 
maintain the concentration below the uppermost layers at a reasonably uniform value. For these 
conditions in pure water, it is found that the rate of change of the concentration, C, at time f, is 
proportional to the oxygen deficit, C,— C, where C, is the saturation value. Thus 

dC 
where K, the constant of proportionality, is called the overall absorption coefficient. ‘This relation 
is generally attributed to Adeney and Becker™* but was, in fact, reported earlier by Carlson”. 

The variation of the oxygen content of the water with time is given by integrating Equation 93: 
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if the water is initially anaerobic (C = 0 when ¢ = 0); alternatively, if the concentrations are 
C, and C, at times f¢, and f,, 
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Equations 93-96 apply to the aeration of both static and flowing clean water, provided that the 
concentration of dissolved oxygen is nearly uniform throughout the depth of the water. In flowing 
water without appreciable longitudinal mixing, Equations 95 and 96 specify the relation between 
the oxygen deficits at two points between which the water takes a time f,—?, to travel, and where 
the overall absorption coefficient has an average value K. The same equations are also applicable 
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to the loss of oxygen from supersaturated solutions, since the process is reversible; thus if, in 
Equation 93, C is greater than C,, then dC/dt becomes negative—implying that oxygen will be lost 
from solution. 

If substances or organisms are present which consume oxygen at a net rate 5, at time ¢, then 
Equation 93 must be replaced by 


si = K(C,—C)—i bs (97) 
b is seen to be expressed in terms of concentration per unit time (generally p.p.m./h). If there is a 
liberation of oxygen, as by photosynthesis, rather than a consumption of oxygen in the water, 
the equation still applies but the numerical value of b will be negative. To integrate Equation 97 
it is necessary to know the way in which b varies with time. In practice this variation may often be 
quite complicated, but it is necessary to consider here only the simple case for which b may be 
regarded as constant. This leads to the solution 
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THE EXCHANGE "COEFFICIPN 


It is seen from Equation 93 that the overall absorption coefficient is equivalent to the rate of 
change in concentration of oxygen when the deficit is unity, and as such it is suitable for comparing 
rates of aeration in a given body of water under different conditions. It is not, however, a measure 
of the rate at which oxygen passes through the surface of the water, but only of the rate of change in 
concentration of dissolved oxygen that this absorption process would produce in the absence of any 
oxygen utilization. For instance, consider two bodies of clean water having, at a particular instant, 
the same oxygen deficit, the same surface area, and the same rate of solution of oxygen in terms of 
mass absorbed through unit area in unit time; if the volume of the first body of water is twice 
that of the second, then the same rate of solution will give rise, in the first case, to only half the 
rate of change of concentration in the second. This rate of change is the dC/dt of Equation 93, 
and it follows that K for the first body of water will be only half that for the second. Consequently, 
a more fundamental parameter is required—and one that has the same value for all systems having 
the same net rate of transfer of oxygen through the surface at a given oxygen deficit. Clearly, to 
eliminate the effects of the volume and surface area of the water it is necessary simply to multiply 
the value of K by the volume, V, and to divide by the area, A,, of the air—water interface, since 
the rate of increase in concentration of dissolved oxygen is proportional to A, and inversely 
proportional to V. The ratio V/A, is termed the aeration depth and is denoted by g. It follows that, 
for a particular cross-section of a body of flowing water having a uniform concentration of dissolved 
oxygen over the cross-section, the aeration depth is also given by A/y, where A (with no suffix) 
is the cross-sectional area and y is the surface width. The required parameter thus becomes 

Wed se (100) 
where 
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2= (101) 
The parameter f is the ‘exit coefficient’ or ‘coefficient of escape’ introduced by Adeney and 
Becker?°—and called such since it measures the rate of egress of oxygen molecules through unit 
surface area when there is unit concentration of oxygen in the water (the simultaneous ingress being 
considered separately). It is now customary, at any rate at the Laboratory, to refer to f as the 
exchange coefficient. 


| 


Equation 93 may thus be re-written as 


AC ay 

ie (Cs ©). | (102) 

As in the case of Equation 93 this applies only if there is no production or utilization of oxygen 

in the body of the water. The net rate of transfer of oxygen, dm/dt (in mass per unit time), is given by 
dm 


— = fA(C.-C), (103) 


and this applies even if dissolved oxygen is being used in oxidation. 
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Tent for reaeration measurements 





PLATE 20. 


Wave tank at British Transport Dock Board Research Station, used for experiments on reaeration 
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The exchange coefficient may therefore be defined as the mass of oxygen entering per unit time 
through unit surface of water in which there is unit oxygen deficiency, or alternatively as the rate 
of increase 1n concentration of dissolved oxygen in water having unit depth and unit oxygen 
deficiency and in which there is no oxygen production or utilization. 


UNITS 


From Equation 93 it is seen that the dimensions of K are those of reciprocal time. The unit 
generally adopted is per hour or, in conventional notation, h-1. The dimensions of f, on the other 
hand, are seen from Equation 102 to be those of velocity, and the exchange coefficient is normally 
expressed in cm/h. In Equation 103, f may be expressed in g/cm? p.p.m. h; since 1 p.p.m. = 1 mg/L., 
and for all practical purposes 1 ml = 1 cm’, it is readily seen that 


1 cm/h = 1 pg/cm? p.p.m. h. (104) 


PRINCIPLES OF DIRECT MEASUREMENT OF RATE 
OF SOLUTION OF OXYGEN 


Direct measurement of the rate of solution of oxygen in water may be made by observing 
changes in the oxygen content of either the water or the air above it. 


CHANGES IN CONCENTRATION OF OXYGEN IN WATER 


Since concentrations of dissolved oxygen are easily and quickly measured, the rate of solution 
of oxygen in water in which the level of oxygen can be altered artificially may readily be measured. 
When the water is confined to a containing vessel the oxygen content is first lowered by stripping 
with nitrogen or adding a de-oxygenating reagent, or is raised by passing oxygen through it. 
The oxygen content before and after a measured time interval is then determined, and, if evolution 
or consumption of oxygen by organisms or substances in the water may be neglected, the data are 
substituted in Equation 95, to obtain K. If polluting substances are present, an average value for b 
(Equation 97) may be determined from changes in the oxygen content of samples of the water, 
contained in stoppered bottles, during the period in which the changes in dissolved oxygen in the 
absorption vessel are measured, as far as possible under the same conditions of temperature and 
illumination; K is then determined from Equation 98 which is solved by iteration. As an alternative 
to this ‘two-point’ technique, the oxygen content may be determined periodically and (if b may 
be neglected) K is determined from the slope of the straight line obtained by plotting In(C,—C) 
against ft; if b is not negligible, K is obtained by graphical iteration. 

Having determined K, the exchange coefficient is then obtained by measuring the aeration 
depth, V/A,, and substituting in Equation 100. 

The corresponding method used for determining K in flowing water is substantially that of the 
two-point technique. The water is almost completely de-oxygenated by a continuous flow of a 
de-oxygenating agent (such as sodium sulphite with about 0-02 p.p.m.* cobalt ion as catalyst) 
and the concentrations of dissolved oxygen, C,, C,, at two stations are measured after equilibrium 
has been reached. The average time At (equal to ¢,—t, in Equations 95 and 98), required by the 
water to travel between the sampling stations is conveniently determined by a modification of the 
‘salt-velocity’ method in which the oxygen concentration is measured at frequent intervals after 
the de-oxygenating reagents are first added to the water. To a fair degree of approximation”, At is 
equal to the difference between the time at which the oxygen content at the first station becomes 
3(C,’+(C,) and the time at which that at the second station becomes 3(C,'+C,), where Cy’ and C,’ 
are the initial values. Alternatively, At may be determined by measuring V (the volume of water 
between the sampling positions) and Q (the rate of flow of water), since 

Nii 5 ; (105) 

Knowing C,, C,, and Az, and having determined 0 (with, if necessary, inclusion of the benthic 
oxygen demand), the data are substituted in Equation 95 or 98 to obtain K. In this case, however, 
although f can be obtained from K by measuring V/A, and substituting in Equation 100, it may 
sometimes be conveniently obtained more directly by measuring C,, C,, A;, and Q, since 
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* Tn the presence of large concentrations of settled sewage it may be necessary to use up to 50 times this concentration?’, 
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Frequently, in both flowing and confined bodies of water, agitation of the surface is so intense 
that it is difficult to measure the area A, accurately. In such cases rates of aeration are expressed 
as nominal exchange coefficients, evaluated on the assumption that the surface area is the same as 
that of the water when quiescent. 


CHANGES IN CONCENTRATION OF OXYGEN ABOVE WATER 


In the gasometric procedure, the oxygen deficit and the change in concentration of oxygen in 
the air over the water surface during a known time interval are measured. Occasionally, measurement 
of changes in the volume or pressure of air over the surface is sufficient, but interchange of gases 
other than oxygen, such as nitrogen or carbon dioxide, generally affects the pressure. If the surface 
area of the water in contact with the air is known, the exchange coefficient may be evaluated directly 
from the equation 


Am 
i ALG a0) 


derived from Equation 103; Am 1 is the mass of oxygen absorbed in time At, and C is the average 
oxygen concentration. 

There are considerable difficulties in applying either of the above methods to measuring rates 
of aeration in an estuary, since it is necessary either to enclose, without affecting its motion, a 
quantity of water sufficiently small to be de-oxygenated, or to enclose a quantity of air over the 
water in the same way. Nevertheless this is the basis of the direct methods used in determining 
exchange coefficients in the Thames Estuary. 





(107) 


DIRECT MEASUREMENTS IN ESTUARY 


Two methods were devised for the direct measurement of the rate of absorption of oxygen by 
the water of the Thames. In one, partially de-oxygenated estuary water was enclosed in a flexible 
polythene bag about 1 ft in diameter; the bag was open to the atmosphere and was allowed to float 
in the estuary for a measured period. The main consideration governing the design of the bag was 
that it should be sufficiently flexible to transmit disturbances in the water around it to the water 
within (so that the motion of the two would be substantially the same) but sufficiently rigid to main- 
tain an approximately constant area of water surface exposed to the atmosphere. The absorption 
coefficient, K, was obtained by determining the oxygen deficit of the water in the bag at the 
beginning and end of the period, and the average rate of consumption of oxygen by polluting 
matter, the data being substituted in Equation 98 (p. 352). From a knowledge of the volume and 
surface area of the enclosed water, the exchange coefficient, f, was then determined by means of 
Equations 100 and 101. Few measurements were made with this method, and its reliability was not 
thoroughly established; the circulation of the water enclosed in the bag will clearly have differed 
from that occurring near the surface of the estuary and this is a serious objection to the method. 
The permeability of polythene to dissolved oxygen could also be a complicating factor. The results 
of two experiments are included in ‘Table 146 (p. 356); it is perhaps surprising that they are 
concordant with the other values shown there. 

In the method used most frequently, a known volume of air was encloeed in a flexible tent 
(Plate 19, facing p. 353) which was floated on the surface of the water. By determining the amount 
of oxygen absorbed in a measured period and the oxygen deficit of the water, and knowing also the 
surface area enclosed by the tent, the exchange coefficient could be evaluated from Equation 107. 
A fundamental difficulty was that the tent inevitably interfered to some extent with the motion of 
the water and this must have had some effect on the magnitude of the exchange coefficient. Thus 
accurate results were not expected although it was thought that the method would indicate the 
order and range of variation of the true values. The validity of these measurements is discussed 


on pp. 359-360. 


DESIGN AND CONSTRUCTION OF TENTS 


The tents were made from 0-002-in. or 0:005-in. polythene sheet, chosen because it was 
flexible, tough, readily welded, impermeable to water, and with a very low permeability to gaseous 
oxygen”. The permeability was found experimentally to be about 10-!° cm® cm/cm? s cm Hg*— 
which is likely to give rise to an error of about 1 per cent in the values found for the exchange 
coefficient. The first tents were attached by sleeves to vertical rods fixed at the corners of a light 
metal framework supported on spherical floats; small weights held the free edges (Fig. 193(a)). 
There was sufficient play in the tents to keep the air within them at atmospheric pressure under 

J 


* Volume (cm*), per unit area (cm?), per unit time (s), per unit pressure gradient (em Hg/cm). 
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normal conditions, but when the framework was sufficiently light and flexible to avoid ‘bouncing’ 
on the waves in choppy conditions (thus setting up false waves inside the tent) the seams and joints 
in the polythene frequently became torn. To improve durability, cylindrical tents were made 
which were suspended from a circular wire frame by means of two pairs of concentric aluminium 
hoops 3 in. wide (Fig. 193(b)). The outer hoops were connected by rubber bands from three 
points on the circumference to three uprights fixed to the circular frame. These tents were about 
1 ft in diameter; the square ones were rather larger. On two occasions rigid metal tents were used. 


(a) PROTOTYPE (b) DESIGN FINALLY ADOPTED 
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Fic. 193. Floating tents used for measuring exchange coefficient in Thames Estuary 


EXPERIMENTAL DETAILS 


The tent was emptied of air by inverting it below the surface of the water, and was then filled 
with a known volume (about 5 1.) of air displaced from a bottle—in which it had been sealed at a 
known temperature and pressure—by water pumped from a second bottle. The tent, attached to a 
light cord, was allowed to move freely unless it was in danger of fouling obstacles or of being 
disturbed by traffic. The temperature, salinity, and dissolved-oxygen content of the water were 
determined at intervals, and the surface conditions were noted. In most experiments the wind speed 
about 1 m above the water surface was measured using a cup anemometer, and the wave height 
(crest to trough) was estimated by eye, taking the mean of the estimates of several observers. 
After 2-4 h the air was withdrawn from the tent into a bottle (by reversing the filling procedure), 
and the bottle was sealed and returned to the laboratory where the volume and composition of the 
air were determined. 

The volume of oxygen initially present was calculated on the assumption that the tent was filled 
with normal air containing 20:99 per cent oxygen*!; the volume of oxygen remaining in the tent was 
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calculated from the final volume and composition of the gas removed at the end of the experiment. 
The mass of oxygen absorbed was then equal to the difference between the two volumes, adjusted to 
S.T.P., and multiplied by the density of oxygen. 

As the experiments were made where the oxygen deficit was large, and since the concentration 
of dissolved nitrogen may be assumed to have been close to saturation, the solution of oxygen from 
the tent will normally have caused an increase in the partial pressure of nitrogen, so that some 
nitrogen would also pass into solution; where denitrification was proceeding, the water would 
probably be slightly supersaturated with nitrogen which would tend to offset this effect and perhaps, 
occasionally, to result in a net escape of nitrogen from the water to the tent. Sometimes, however, 
the volume of nitrogen in the tent increased more than could be attributed to denitrification; 
this was thought to be due to the entry into the tent of bubbles of air—the result of entrainment 
in the skirt of the tent during turbulent conditions caused particularly by the effects of vessels 
passing. 'T’o allow for this the value taken for the initial volume of oxygen was increased in proportion 
to the increase in the volume of nitrogen; the number of occasions on which this allowance was 
necessary casts some doubt on the results obtained. 

The initial and final partial pressures of oxygen in the tent were calculated from the composition 
of the air, and when the difference was small the mean value was taken as the partial pressure 
during the experiment. When the difference was large, a logarithmic mean value was taken. The 
saturation value was determined from the calculated partial pressure and the average values for 
salinity and temperature of the water: the average deficit was obtained by subtracting from it the 
average concentration of dissolved oxygen. Then, applying Equation 107, 


oxygen absorbed from tent (yg) 
area under tent (cm?) x average deficit (p.p.m.) x time (h) 


(108) 





f(ug/cm? p.p.m. hor cm/h) = 


RESULTS 


In preliminary experiments several measurements of the exchange coefficient were made in 
Tilbury Dock and Tidal Basin, and in the estuary. The values for the exchange coefficient in the 
dock and tidal basin ranged between 1-1 and 2-8 cm/h (Table 146). The results of the measurements 
made in the estuary were much higher, varying between 3-8 and 23-2 cm/h with an average value 
of 12-1 cm/h. 


Table 146. Results of preliminary measurements of exchange coefficient in 
Tilbury Dock and Tidal Basin, and in estuary 


Where two figures are given for position they indicate the upstream and downstream 
positions (miles below London Bridge) reached during experiment 
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1 change 
Surface conditions Position ype of coefficient 
apparatus (cm|h) 

Calm Dock Flexible tent 1-1 
Calm except for wash from vessels Tidal basin | Flexible tent 1-7 

” ” 2 % 6 
Slight swell Dock Rigid tent 22 
Slight swell, waves due to river traffic | Tidal basin Rigid tent 2°3 

only Flexible tent 2:6 

” ” 2 si 8 

” ” 2 is 4 

” ” 2 5 

Flexible bag 257 
Big swell, slight choppiness, high wind 13-18 Flexible tent | 6°6 
10-20 AS : 6 
Some choppiness 25-27 Flexible tents | 3:8, 6:0, 7:8, 9-1 
tied together 
Big swell, much choppiness, high wind 13-18 Flexible bag 11-0 
Breaking waves, high wind 18-22 Flexible tent 17°1 
“ ” »” De, S Z 
Very rough | 7-11 Flexible tent 19-4 
f 27-32 c L 23-2 
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In the main series of tests—made between August and December 1953 and between April 
and June 1954—cylindrical tents were used throughout, although minor modifications in their 
design or method of use were made from time to time. Results of the 76 measurements ranged 
from 3-2 to 28-8 cm/h with a mean value of 11-0 cm/h; the detailed figures are shown in Table 147 
where the results are arranged roughly in order of increasing surface disturbance. The discrepancies 
between the results of replicate determinations were often rather large. 


Table 147. Exchange coefficient under different conditions in estuary 





















































Miles below* Number of | Wave height Wind speed Exchange 
Surface conditions Date London Bridge waves (in.) (m.p.h.) coefficient 
per min (cm|h) 
12. 4.54 17-20 35-48 0-2 5:4— 9-2 | 3-6, 4-1 
Calm 4. 9.53 (8)-(6) 20-25 1-3 Nil 32 
28. 5.54 20-25 64 1-2 5 l=7-3 6:OT, 6°47 
16.11.53 30-34 25-30 1-2 2:8 5-0, 6°6 
11. 4.54 7-10 40-60 1-2 3° 2— 15 TZ 
Mainly calm 22.12.53 21-25 25-30 1-3 8-8 7:8, 8°1 
25. 4.54 1-4 54-62 1-3 6-8-10-1 Rye HOR 
28. 4.54 11-13 40-55 1-4 7°9-15-5 | 7-6}; 8-Of, 8-5 
13. 5.54 20-24 43-63 1-4 5-8-10:1 7°77, 10:0 
Calm to slightly choppy 14. 5.54 17-20 40-57 1-5 5-3-10-8 8-6 
26. 5.54 25-28 42-56 1-5 5-7-10:1 Byetshis eons, oe! 
30. 5.54 3-5 42-54 1-7 5-5-10-1 10:4, 8-6, 10-57 
19.11.53 20-28 25-30 1-3 2:5 13:8 
ae a hess} 19-25 30-35 1-3 Bits: 11-1 
Brkt oS 17-23 35-40 2-3 4-2 9:6, 9:7 
9.11.53 26-28 35-40 2-3 2:8 10:6 
9, 5.54 5-7 44-64 1-5 4-3-17-6 10-67, 11-4 
Guly teesys) 18-21 35-45 3-4 10-12 9-6f, 12-87 
Slightly choppy Ble <3 Oo 14-20 32-64 1-6 13-17 5-9 
8. 4.54 12-20 42-58 1-6 123-3470 9/4725 
21. 4.54 22-28 36-50 2-5 3-7-13-4 10-1f 
20. 6.54 (1)-4 56-68 1-6 4-5- 9-5 9-8t, 8°5t 
22. 4.54 23-28 32-45 3-5 6°8-11-:9 | 9:1f 
29. 4.54 15-22 37-74 1-7 3513-2) 5-25 
19. 5.54 13-19 48-54 2-7 8-9-11-3 ORD a Onl O57 
13. 6.54 4-7 25-36 4-8 4-2-14-1 6:97, 7-77, 5-4 
2. 6.54 23-26 40-47 1-6 8-4-11:0 | 11-47, 10-47, 10-1 
3. 6.54 23-26 36-66 2-12 7:7-13-6 10-6, 10-07 
(mainly 2-3) 
Slightly choppy to choppy | 14. 4.54 22-28 38-61 3-6 14-4-21:3 17-07 
5. 4.54 18-19 26-50 2-8 4-6-11-2 | 11-5 
16. 5.54 0-5 50 3-8 6:7-15-0 12:67,.12-1, 13-87 
4, 4.54 2-9 34-54 3-12 5:4-12°8 10-1 
14. 9.53 20-25 27-33 + 10-15 12-2}, 13-47 
DArd2-53 21-26 33-37 4-6 9-5 17-0, 14-0 
9. 9.53 23-25 40-45 5-7 12-15 PSs; 
11% 29.53 15-16 25-30 6-7 12-15 12-5+ 
Choppy 24. 8.53 18-19 35-40 6-8 10-15 17-5 
17. 5.54 14-17 49-60 2-12 11-8-17-4 | 22-8 
12.11.53 23-29 35-40 6-10 14:5 17-4 
3312.53 20-26 35-40 6-10 9-4 17:6, 14-4 
5. 5.54 11-18 35-53 2-15 10-8-20-0 15:4}, 14-97, 14-9 
6. 5.54 24-25 35-37 10-18 18-1-21:6 | 21-97, 19-8 
Choppy to rough 2. 5.54 5-8 40 8-24 18:1-21°5 28: 8t 
21249253 21-23 35-40 8-24 23 19-5, 17-6 











* Figures in brackets are miles above London Bridge. 
+ t Daggers indicate that a correction has been applied for air entering the tent during the experiment: 
+ correction less than 7 per cent of oxygen entering the water, 
t correction greater than 7 per cent. 


CORRELATION WITH WIND SPEED AND WAVE HEIGHT 


The variation of the exchange coefficient with the average wind speed during each individual 
measurement given in Table 147 is shown in Fig. 194(a). Despite the large scatter in the data 
there is a distinct relation, and the value of Spearman’s rank-correlation coefficient® is found 
to be 0-68 which is significant at the 99 per cent level of probability. , 
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Fic. 194. Effect of (a) wind speed and (b) wave height on exchange coefficient in estuary 
The equation of the regression line drawn through the data in Fig. 194(a) is 
f = 3:74 0-79v cm/h, (109) 


where v is the wind speed in m.p.h. 

There is also a distinct relation between the observed values of the exchange coefficient and the 
estimated average wave height (Fig. 194(b)), the coefficient of rank correlation between them being 
0-74 which is again significant at the 99 per cent level. The equation of the regression line drawn 
through the data is 

fi =o Tae boheme (110) 


where / is the wave height in inches. 
The partial regression of the exchange coefficient on wind speed and wave height leads to the | 
equation 


f = 4740-310 + 0-81h cmJh. (111) 


Equations 109-111 suggest values of 3-7 or 4-7 cm/h for the exchange coefficient under calm 
conditions; although these values are rather higher than would be expected from the results given 
in Table 146 for Tilbury Dock and Tidal Basin, they are not unreasonable since the estuary water 
is flowing. 

There is, of course, a correlation between wind speed and wave height (as can be seen by 
plotting the relevant data from ‘Table 147); the effect of wind on wave height will depend not only 
on the speed but also on the duration and on the fetch of the wind—the distance it travels over 
the water surface. 


CORRELATION WITHseOTHERSRACT Olss 


The magnitude of f given by Equation 111 has been calculated from the experimental data 
for each occasion on which measurements of f, v, and h were made. The differences between the 
predicted values and the means of the replicate values in each experiment have been plotted 
against time, temperature, and distance along the estuary. This should show any relation between 
the exchange coefficient and these factors—provided that they are not closely related to wind speed 
or wave height and that their effects are not lost in the variations arising from other causes. 

Measurements made in November and December 1953 gave rather higher results than those 
made in August and September 1953 and between April and June 1954. Between these three 
periods slight modifications were made to the design of the tent and these may have caused a 
systematic difference in the results. Such changes will tend to obscure relations between the exchange 
coefficient and other factors. 

Plotting against temperature gave no significant result—a temperature coefficient of less than 
5 per cent per degC would be masked by the scatter in the data. 

Plotting against distance along the estuary showed no pronounced effect, but most of the 
experiments were confined to the middle reaches. However, the average value of the departure 
from prediction (using Equation 111) for measurements made between 22 and 27 miles below 
London Bridge exceeded/ that for measurements between 14 and 20 miles below by 2-2 cm/h, 
a difference significant at the 95 per cent confidence level. 
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ADJUSTMENT OF RESULTS TO AVERAGE CONDITIONS 


There appear to be no long-term records of wave heights in the estuary. Records of the wind 
speed 10 m above ground level at Greenwich Observatory show an average of 11-71 m.p.h. 
from 1923 to 1935. In the published results** of measurements of wind profiles over the sea (made 
by Sir Nelson Johnson in 1922) the ratio of wind speed at 10 m to that at 1 m is shown to be 
about 1-27; the average wind speed at 1 m is therefore estimated to have been 9:2 m.p.h. 

To find the mean wind speed corresponding to the average exchange coefficient, equal weight 
must be given to the wind measurement associated with each of the 76 determinations of the exchange 
coefficient. Thus, where replicate determinations were made, the value for the wind speed is 
counted as many times as the number of replicates. The mean value is then found to be 10-0 m.p.h. 
The wind conditions during the experiments therefore seem to have been reasonably representative. 
Taking into account the difference of 0-8 m.p.h. between the long-term average wind speed and 
that during the experiments, and using the coefficient of 0-79 cm/h per m.p.h. from Equation 109, 
the exchange coefficient in average wind conditions becomes 10-4 cm/h instead of the average 
value of 11-0 cm/h referred to earlier. 

Although the measurements with the tents gave no indication of an effect of temperature, 
in laboratory experiments (described on pp. 372-373) the exchange coefficient was found to increase 
by about 1-6 per cent of the value at 15°C with each increase of 1 degC. The average temperature 
of the reach extending 25 miles seaward from London Bridge at half-tide in 1944-1953 was 14-6°C, 
whereas that in the experiments with the tents was 13-7°C. Allowing for the difference between the 
two temperatures and using the temperature coefficient of 1-6 per cent per degC, the average 
exchange coefficient in the estuary becomes 10-6 cm/h. 


Yale yY OF DIRECT MEASUREMENTS 


It was not possible to reproduce, in the laboratory, conditions exactly comparable with those 
in the estuary; to obtain some idea of the accuracy of the measurements with tents, experiments 
were made in tanks in which the exchange coefficients calculated from changes in the oxygen content 
of the water (referred to below as the reference value) could be compared with those obtained 
simultaneously by the tent method. 


Experiments in 200-gal tank 

In preliminary experiments in a 200-gal tank, tents containing air or nitrogen were floated 
on water slowly stirred with an impeller. The results (Table 148) show that the method was 
reasonably accurate for measuring either absorption or desorption of oxygen. When small choppy 
waves were generated by movement of a small submerged baffle, agreement with the reference 
method was less satisfactory. 


Table 148. Comparison of exchange coefficient for oxygen as measured by absorption or desorption in 
tents, with that found from changes in oxygen content of water 


The tents initially contained air except in Experiment B when they were filled with nitrogen 






































Exch lent 
Condition of water be abe es 
seen er atus - Experiment Type A 
tent verage 
i Type of eee Amplitude ently mane Brees 
disturbance ( ft) (in.) Coes ene tend value 
A Slow stirring by — — — Circular PO) 2:9 
B impeller — — — - 2:9 2°5 
200-gal tank - 
Cc Waves of varying = — — Circular 11:8 ep. 
height up _ to 
$ in. 
1 Steep regular GE25 De i5 74 Circular 54-5 25-0 
2 waves 325 5-1 74 5 78-2 41-6 
5000-gal wave 3 Choppy reflected -~ 0:6 “eS Circular oe ih 11-5 
tank + waves of vary- -- 0-6 75 34-7 10-9 
5 ing height — 0-6 75 Square 21:8 10:9: 
6 Smooth _ regular lou 2:0 SURE Circular 4°5 ee 
a swell 5 1:8 41 Square 3°8 8-3 
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Experiments in 5000-gal wave tank 

Further experiments were made in a wave tank (kindly placed at the disposal of the Laboratory 
by the Docks and Inland Waterways Research Station*), about 60 ft long and 4 ft wide, filled 
with fresh water to a depth of just over 3 ft (Plate 20, facing p. 353). A wide variety of waves 
could be generated by varying the frequency and amplitude of vibration of a reciprocating baffle 
at one end of the tank. Normally the regular progressiue waves were almost completely absorbed at 
the opposite end of the tank by an inclined baffle mounted in front of a cage containing damping 
material. When this damping device was removed, reflected waves were superimposed on the 
incident waves to produce choppy conditions. 

After the water had been de-oxygenated by addition of sodium sulphite and 0-02 p.p.m. 
cobalt ion, the tents were filled with air and allowed to float on the surface for about 2 h, after which 
the air was withdrawn for analysis. The reference value for the exchange coefficient was obtained 
by measuring changes in the oxygen content of the water at three or more positions along the length 
of the tank, evaluating the exchange coefficient for each position, and then taking the average 
of these values. The results given by the two methods are included in Table 148. 

In Experiments 1 and 2, circular tents were loosely tied to prevent the progressive waves from 
causing them to drift to one end of the tank. The exchange coefficient given by the tent method 
was about twice that given by the reference method. It was thought that this might have been due 
to the constraints on the motion of the tents, so in the next experiments they were allowed to float 
freely—although it was necessary to use choppy waves with which translation of the surface water 
was not so great. In spite of this change the tents gave values more than twice the reference value. 
When, however, the wave motion was similar to a swell, the tents gave low results. As it seemed 
likely that the results obtained when using the tents depended on their design, tests were also made 
with a tent with a square cross-section, similar to one of the earliest designs (Experiments 5 and 7). 
This tent gave a better value on choppy water than did the circular type, although the value was still 
about twice that given by the reference method. When the wave motion was similar to a swell the 
design seemed less important. 

It is not possible from these results to estimate the accuracy of the values obtained in the 
estuary, since many types of wave often occurred during the several hours for which the tent was 
in the water. Nor do the experiments provide any information about the effect of wind. It appears 
likely that the tent method exaggerates the variation in the exchange coefficient caused by changes 
in the wave height or wind speed. Also, all the experiments were made in the main stream where the 
exchange coefficient may generally be expected to be rather higher than the average value over 
the whole width. Clearly not too much reliance must be placed on results obtained in this way. 


RELATIONS BETWEEN WIND SPEED, RATE OF ENTRY, 
AND LEVEL OF DISSOLVED OXYGEN IN ESTUARY 


The measurements by the tent method indicated that the exchange coefficient was related 
to the wind speed. If this coefficient changes while other factors remain the same, then unless the 
water is saturated with dissolved oxygen the concentration must change. It should thus be possible 
to find some relation between wind speed and exchange coefficient by examining the changes in 
concentration of dissolved oxygen that have been observed in the estuary. 


THEORETICAL 


In a short reach in the estuary, considered to be isolated from the remainder of the water, 
the rate of change of dissolved oxygen will be given according to Equation 97 (p. 352) by 


Sone (112) 


where K, is the overall absorption coefficient corresponding to an exchange coefficient f,, and b the 
rate of removal of oxygen by polluting matter—assumed to be constant during the period considered. 
When equilibrium is reached, dC/dt = 0, and therefore 
K(C,—Cyy= 6, (113) 
where C, is the equilibrium concentration. Now if the exchange coefficient increases instantaneously 
to f,, and the absorption coefficient to K,, the rate of change of concentration will become 
dC 


= = KC.—0) - 8. (114) 


* Subsequently known as the British Transport Dock Board Research Station. 
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As a result the concentration will rise, after time ¢, to a value C’ which, following from Equation 99 
(p. 352), is given by 
K(C,-—C’) — 6 
K(C,—C,) — 6 
provided that 5 remains constant and is independent of oxygen concentration and turbulence. 


Substituting for 6 from Equation 113, noting that K,/K, = f/f, = R, say, and re-arranging, 
it is found that 


= e-Kat (115) 


C’ = C, — (C,—C,) (1— Re *2! + Rh. (116) 


If the exchange coefficient remains unchanged at f, the concentration will ultimately attain an 

equilibrium value 
Cas Bn C=C, — R(C,—C)). . (117) 

Thus, if the system is allowed to come into equilibrium, the effect of an increase in f is to 
decrease the oxygen deficit at all points by the same factor f,/f,. On the other hand the rate at which 
the equilibrium value is approached will depend on the depth since, from Equation 116, C’ is a 
function of K, and not only of fy. 

These calculations refer to a hypothetical section of the estuary isolated from the rest. In 
practice there is continual mixing of water from adjacent sections, and this tends to eliminate 
differences in oxygen content. If the rate of increase in oxygen concentration, resulting from an 
increase in the exchange coefficient, were the same in all sections then the mixing of the water 
would introduce no inaccuracy. In fact this will not be so, and errors will also arise because the 
exchange coefhicient is likely to change from one part of the estuary to another (see pp. 382-385). 

Notwithstanding these considerations the errors introduced by neglecting them will probably 
not be large in comparison with those arising from other departures of actual conditions from 
those assumed in the derivation of Equations 116 and 117. For instance the validity of the 
assumption of a constant value for b is dubious, since one result of a gale is to increase the turbulence 
and so possibly cause more oxidizable solid matter to come into suspension. 


CALCULATIONS FROM EXPERIMENTAL VALUES 


Experiments with tents suggested that under calm conditions f might have a value of 3 cm/h, 
and that in a gale a value of 20 cm/h would not be exceptional. Using these values for f, and f,, and 
taking a typical average depth of water as 8 m (26-2 ft), then from Equation 116 it can be shown 
that if C, were just zero when f, = 3 cm/h, and if the net rate of utilization of dissolved oxygen 
remained unaltered, the oxygen content would rise to 2:1 per cent of the saturation value in one 
hour after f increased to 20 cm/h, to 38-4 per cent in a day, 83-7 per cent in a week, and 85-0 per 
cent (the equilibrium value) in 4 weeks. If f then returned to f, the concentration would fall to 
84-7 per cent of saturation in an hour, 77-7 per cent in a day, 45-3 per cent in a week, and 6-8 per 
cent in 4 weeks. 


STUDY OF PARTICULAR GALES 


On three occasions during the Laboratory’s survey, the content of dissolved oxygen in the 
lower reaches was determined shortly before and after a large increase in wind speed. From an 
approximate knowledge of the speeds involved, the exchange coefficients can be calculated from 
Equation 109 (p. 358), and as the initial oxygen content is known, the final oxygen content can be 
estimated by means of Equation 116. The closeness of the predicted and observed values should 
show whether or not the tent method gives results likely to be of the right order of magnitude. 


13th-l6th January 1954 


During the weekly survey of the condition of the estuary water on 13th January 1954 ihe wind 
was recorded as ‘slight breeze’ and the surface conditions as ‘calm’. On the morning of the 16th the 
oxygen content from 2 to 26 miles below London Bridge was examined; it was noted that a ‘gale had 
been blowing since early afternoon of 15th but had moderated when the samples were taken’. 
In Fig. 195(a) the oxygen contents before and after the gale are plotted against salinity—since this 
is the best guide to the movements of a particular body of water over a period of a few days. 

The changes in oxygen content in water of salinity 23 g/1000 g have been examined; this 
water was in the vicinity of Tilbury at half-tide. One of the assumptions made in deriving the 
expression to be used in the calculations was that the estuary was completely aerobic, but in taking 
a point some way outside the anaerobic zone the error from this source is probably small. 

By 1954, wind speed was no longer being recorded at Greenwich, the observatory having 
been moved to Sussex. There seems to be no suitable information available on the wind speed 
nearer to Tilbury than Shoeburyness (about 20 miles direct) where hourly means of the wind speed 
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in knots are on record. Similar figures are available for Hampton which is approximately 10 miles 
farther from Tilbury. Lacking information about local variations in wind speed, the change in 
oxygen content has been calculated from each set of wind data separately and the two results have 
then been compared with the observed change. 


Predicted oxygen content after gale using wind - Observed oxygen content 
speed data from Shoeburyness(%) and Hampton(Q ) &--~A Before gale 
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Fic. 195. Comparison between observed and predicted changes in dissolved oxygen in estuary following gales — 


From Fig. 195(a), it is seen that at salinity 23 g/1000 g the value of C, was 5-5 per cent 
saturation and the observed value of C’ was 40 per cent. The value of f, was calculated, using 
Equation 109 (p. 358), from the average wind speed between the two sampling runs. The value 
of f, was also calculated from this equation, the appropriate value of the wind speed with which 
the system was assumed to be initially in equilibrium being chosen after examining the variations 
in wind speed over the 10 or 20 days preceding the first run. The error in selection is probably 
not more than 10 per cent. 

Some details of the calculations are given in Table 149, and the calculated change in oxygen 
content is shown by the vertical line in Fig. 195(a). Both sets of wind data are seen to lead to the 
same order of change in oxygen content, and, although the prediction is not very accurate, the 
agreement between the observed and predicted values of C’ is as close as can be expected from the 
method employed. The hourly figures for wind, as recorded at Hampton and Shoeburyness during 
the times when measurements were made on the estuary, have been obtained from the Air Ministry 
and compared with the anemometer measurements taken in the dinghy. ‘The coefficient of correlation 
between the Hampton and dinghy figures recorded on 42 occasions was found to be 0-88, and the 
average value of the ratio of the former to the latter figures was 1-08; in the case of the Shoeburyness 
figures the correlation coefficient was 0-74 and the average ratio 1-32. Consequently, the calculations 
using separately the Hampton and Shoeburyness figures, and the ratio of 1-27 for the ratio of the 
wind speed at 10 m to that at 1 m (p. 359), are unlikely to be greatly in error. 


6th-7th November 1952 


A series of samples was taken at a depth of 6 ft between Southend and Putney on 6th November 
1952. A gale started to blow during the evening and the wind was still strong on the following 
morning when a further survey was made between 10 and 26 miles below London Bridge. The 
results of calculations from the data, similar to those already described, are given in Fig. 195(b) 
and ‘T'able 149. The accuracy of prediction in this case is remarkable—and probably fortuitous. 


25th-26th September 1952 


On 25th September 1952 samples were taken at low water from a depth of 6 ft at intervals 
of about 1 mile from 21-6 to 33 miles below London Bridge. A gale developed during the night 
and there was still a very strong wind on the following morning when samples were taken between 
8:4 and 33 miles below London Bridge. The low concentration of dissolved oxygen before the 
gale (Fig. 195(c)) suggests that nitrification was not occurring (p. 460) and that denitrification 
may have been proceeding (pp. 249-253); the initial increase in dissolved oxygen would then 
tend to stop denitrification and to restore nitrification, thus increasing the net rate of utilization 
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of dissolved oxygen and hence lessening the increase in oxygen content that would otherwise 
have occurred. Three salinities were chosen for the calculations and it is seen that the changes in 
oxygen content were over-estimated, particularly at the lower salinities. 


Table 149. Comparison between observed and calculated changes in oxygen content 
at certain salinities in estuary following gales 


Figures in italics have been calculated from wind data for Hampton, 
others using those for Shoeburyness 





























Salinity Cy C’ obs fe ve C’ecale 
Month (per cent (per cent (per cent 
e700 2) saturation) saturation) ake ae) saturation) 
January 23 Sigs 40-0 12 9 17 15 26 29 
1954 
November 18 ae 18-0 14 10 2) 18 18 18 
1952 
September 22 0-6 3i-9 13 8 18 14 11 Tis 
1952 23 0:7 543 13 8 18 14 11 12 
24 0-7 9:9 13 8 18 14 11 13 
Conclusions 


If the results of the calculations relating to salinities 22 and 23 g/1000 g for the September 
gale are excluded, it is found that the changes in oxygen content that are observed to follow a gale 
are of the same order of magnitude as those calculated from Equation 116 (p. 361). However, 
if the measurements made with the tents were subject to systematic errors as great as those suggested 
by the figures in the lower part of ''able 148 (p. 359)—which indicate that the highest rates obtained 
with the tents should be halved and the lowest doubled—then R, or f{/f,, will be more nearly equal to 
unity and K, will be greatly reduced. These two effects then make the predicted change in oxygen 
content (C’ — C,) less than half as great as found from ‘Table 149, and hence lead to a much less accurate 
prediction than that obtained using the rates of entry found with the tents. The calculations therefore 
tend to support the order of magnitude of the rate of entry, and of the relation between wind 
speed and rate of entry, obtained by measurements made zm situ. 


Por ErON BETWEEN QUARTERLY AVERAGES, OF WIND SPEED 
AND DISSOLVED OXYGEN 


The effect of wind on the rate of solution of oxygen appears to be of importance, at any rate 
in the neighbourhood of Gravesend Reach where the effects of gales were studied. If the average 
wind speed during corresponding quarters of the year shows appreciable variation from one year 
to another, then, after allowing for the effects on the oxygen content of such factors as the 
fresh-water flow, temperature, and progressive deterioration (by the methods used on pp. 130-131) 
it is to be expected that the effect of wind on the oxygen content should be discernible. 

Quarterly averages of the oxygen concentration at certain points in the estuary were related, 
by partial regression, to the corresponding figures for fresh-water flow at Teddington, the temperature 
of the water at the point examined, and the wind speed at Greenwich. ‘The figures used for the oxygen 
content were those for 1920-1934, during which period there appears to have been no progressive 
deterioration. The percentage changes in the exchange coefficient, required to account for the 
observed changes in dissolved oxygen resulting from a change in wind speed of 1 m.p.h., have been 
calculated. These are plotted in Fig. 196; the value for the reach extending 25 miles seaward from 
London Bridge is plotted at the mid-point of the reach. From Equation 109 (p. 358) and the average 
wind speed at Greenwich it is calculated that the percentage increase in exchange coefficient for 
an increase of 1 m.p.h. in wind speed (measured at a height of 10 m) is 5-7, but in Fig. 196 only 
the values at the two most seaward points approach this value. The lower values at the head of 
the estuary are not altogether surprising because here the rate of oxidation is much greater than the 
rate of solution of oxygen and therefore Equation 117 (p. 361) is invalid. The reason for the dis- 
crepancy in the middle reaches is obscure, but variation in the rate of reduction of nitrate with the 
oxygen concentration is a probable explanation (see pp. 249-253). It is likely that one effect of a gale 
is to bring more mud into suspension and so to increase the rate of oxidation, thus causing less 
change in oxygen concentration than predicted; however, there appears to be no quantitative 
evidence to support this. 
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Above Below 


MILES FROM LONDON BRIDGE AT HALF-TIDE 


Fic. 196. Percentage change in exchange coefficient for increase of 
1 m.p.h. in wind speed 


Vertical lines show standard errors of estimate 


CALCULATION OF EXCHANGE COEFFICIENT 
FROM 3—-HOUR BIOCHEMICAL OXYGEN DEMAND OF ESTUARY WATER 


During 1953 and 1954 many measurements were made of the 3-h B.O.D. of samples of estuary 
water (p. 176), both when the samples were incubated in the dark and in the light. The results of 
these determinations provide an estimate of the rate of utilization of dissolved oxygen in the estuary 
water, and this can be used in obtaining an estimate of the exchange coefficient. 


BASIS OF CALCULA tLe 


The oxygen sag curve at half-tide generally changes but little from day to day, so that the rate 
at which oxygen is utilized by biochemical action at the sag-curve minimum must be approximately 
equal to the rate of change in the oxygen content brought about by mixing, photosynthesis, and 
solution from the air (provided that the oxygen content is not zero, that nitrate is not being reduced, 
and that reducing agents—such as sulphide—are absent). In the upper part of the estuary, where 
the concentration of oxygen decreases with increasing distance from ‘Teddington, the rate of 
utilization must be greater than the net rate of increase due to these three factors by an amount equal 
to the rate at which the concentration decreases as the water is displaced seaward. Conversely in 
the lower part of the estuary—where the water is recovering from the effects of pollution—the rate 
of utilization must be less than the net rate of increase due to mixing, photosynthesis, and solution 
from the air, by an amount equal to the rate of increase during displacement, though this may 
often be negligible owing to the relatively slow seaward movement of the water in this region. 


Thus one may write 
if OG aC 
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where 6 is the average net rate of decrease in the oxygen content due to bio-oxidative processes 
and photosynthesis, f is the exchange coefficient, z is the aeration depth (p. 352), (C,—C) is the 
oxygen deficit, and (dC/dt)p and (dC/dt),, are the rates of change due to displacement and mixing 
respectively—the values of these terms being those at half-tide. The magnitude of b may be 
estimated from the 3-h B.O.D.; by measuring or calculating the remaining terms the value of f can 
thus be determined. However, it is unlikely that such individual estimates of f are very accurate 
since in some cases the apparent 3-h B.O.D. is much smaller than its probable error. Nevertheless, 
by taking the average of a large number of observations a reasonably satisfactory estimate of the 
average exchange coefficient should be obtained. 

The samples for determination of the 3-h B.O.D. were taken ering weekly surveys of the 
estuary, at roughly 3-mile intervals, from a depth of 6 ft. They were not diluted, sufficient oxygen 
for the test being introduced by eon when the initial oxygen content was low. The B.O.D. in 
the dark was determined from samples immersed in tanks containing water pumped up from the 
estuary near the sampling station, and the B.O.D. in the light from samples immersed in a shallow 
tank of estuary water on the deck of the launch. Each value for the 3-h B.O.D. in the dark was 
adjusted (so far as was possible from the limited data available) to terms of the average rate of 
consumption of oxygen over the whole cross-section: much of the oxygen demand is associated 
with suspended matter (see, for example, Figs. 109 and 110, p. 181) the concentration of which 
varies greatly over the cross-section (‘Table 68 and Figs. 126-127, pp. 195-198). 
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The difference between the values for the 3-h B.O.D. in the light and dark, under the conditions 
of their determination, is a measure of the rate of production of oxygen by photosynthesis in water 
from a depth of 6 ft when the intensity of illumination was similar to that at the surface of the 
estuary. In deriving the corresponding daily average rate over the cross-section, allowance was 
made for the variation in photosynthetic activity with depth (Fig. 105, p. 178) and for the duration 
of daylight. ‘The value of b for insertion in Equation 118 was thus derived for each occasion on which 
the 3-h B.O.D. in both the dark and light was determined. 

The first expression in the right-hand side of Equation 118 takes account of the rate of change 
in oxygen concentration as the water is displaced seaward by the land-water flow. This expression 
is equal to the product of the rate at which the concentration changes with distance (¢C/dx) and 
the rate at which the water is displaced (dx/dt). Values for 0C/dx were obtained by plotting the 
oxygen concentration in the water during the sampling period against the half-tide position and 
estimating the slopes of tangents to the curves, and those for dx/dt were calculated from the 
fresh-water flow and the cross-sectional area. 

To have determined accurate figures for (dC /0t);, in Equation 118 would have required lengthy 
calculations, but as the individual values of f were used only in obtaining an average value for the 
whole estuary it was thought that mixing could be neglected without undue error; the individual 
values will be in some cases too high and in others too low, probably by roughly similar amounts. 


RESULTS 


From 18th February to 31st May 1953 the 3-h B.O.D. in the dark only was determined, though 
appreciable photosynthesis was occurring in May. From 1st June 1953 to 14th September 1954 
(with the exception of two occasions in the winter) the 3-h B.O.D. both in dark and light was 
determined. It was apparent from these latter results that even during winter there was some 
slight photosynthetic activity, so that some account of this had to be taken when using the data 
for the period when only the B.O.D. in the dark was measured. 

Individual values of the exchange coefficient were calculated for 777 samples in which the 
water was aerobic and from which sulphide was absent. The results were found to vary over a 
very wide range and to include a large number of negative values, many of which arose because 
the estimated rate of decrease in the concentration of dissolved oxygen during displacement in the 
upper reaches exceeded the value of 5. Histograms in Fig. 197 show the frequency of occurrence 
of values within given ranges, both for periods when photosynthesis was slight and for periods 
when it was appreciable. 
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CALCULATED EXCHANGE COEFFICIENTS (cm/h) 


Fic. 197. Distribution of individual values of exchange coefficient calculated 
from 3-h B.O.D. of estuary water 


(a) Period when photosynthesis was slight. 
Value omitted, 69 


(b) Period when there was considerable photosynthesis. 
Values omitted: positive, 946, 368, 283, 228, 203, 196, 131, 128, 127, 125, 113, 97, 
77, 56; negative, 368, 108, 88 


On the evidence of these histograms (the shapes of which are roughly consistent with normal 
distributions) it seems reasonable to reject all observations numerically greater than 50 cm/h, 
whether positive or negative, on the grounds that they are liable to some gross error not common 
to the majority of the results; on the other hand, it seems reasonable to retain the negative values 
between —50 and 0 cm/h nha they have no physical meaning—if an accurate average value is 
to be obtained. After eliminating 18 extreme values there remained 759 and these gave a mean value 
of 2:6 cm/h; the 386 results relating to times when there was considerable photosynthesis gave a 
figure of 0-6 cm/h, and the 373 observations to times when photosynthesis was slight gave one of 
4-5 cm/h. The last figure is likely to be the most reliable of these three estimates of the average 
exchange coefficient in the estuary. 
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AVERAGE VALUE OF EXCHANGE COEFFICIENT IN ESTUARY 


It was shown on p. 346, that by considering the balance of oxygen in the whole estuary from 
Teddington to Southend, and equating the rate of supply to the rate of utilization of oxygen, 
in 1950-53 gave an estimated average value of 6-1 cm/h for the exchange coefficient; a similar 
calculation for 1960-62 gave 7-4 cm/h. The direct measurements with flexible tents led to a 
value of 10:6 cm/h (p. 359), and the best estimate derived from the 3-h B.O.D. of the estuary water 
was 4-5 cm/h (p. 365). 

Since these three entirely independent methods give different results, it is necessary to consider 
what value is most likely to be correct. When using the results of the direct measurements with 
the flexible tents, the predicted effects of gales on the concentration of dissolved oxygen in the 
estuary agreed as closely as could be expected with the observed effects. However, from tests in 
tanks it appeared that the tents gave values which were much too high when the surface of the water 
was choppy and too low when there was a smooth swell; also, variations that occurred in the 
quarterly averages of wind speed did not cause such large changes in the oxygen content in the middle 
and lower reaches as would be expected from the relation between wind speed and exchange 
coefficient found with the tents. In spite of the satisfactory agreement obtained in the case of 
individual gales, it seems possible that the value of 10-6 cm/h may be considerably in error. 

It is unlikely that the estimate of 6-1 cm/h for the exchange coefficient, as derived from the 
oxygen balance, for 1950-53, could be so far in error that the true value was 10-6 cm/h—although 
there are many unsatisfactory details in the calculation of the balance. Moreover, there is reasonable 
agreement between this value of 6-1 cm/h and that of 4-5 cm/h which was the most reliable estimate 
which could be obtained from the determinations of the 3-h B.O.D. of estuary water—that is the 
average of the values obtained during the periods when little photosynthesis was occurring. 
(The higher value of 7-4 cm/h was derived for a later period, by which time there is reason to 
expect the exchange coefficient to have risen.) 

For reasons discussed on p. 347, the value that has been used in the calculations in Chapters 17 
and 19 is 5 cm/h. 

Although some uncertainty remains in the precise value of the average exchange coefficient it is 
clear that the order of magnitude has been established; it may be mentioned that values ranging 
from 2 to 200 cm/h have been found by the Laboratory*‘ in rivers and streams in which the value 
could be determined fairly accurately. 

It is of interest to compare the values quoted above for the average exchange coefficient with 
those calculated from empirical equations recently developed. Churchill, Elmore, and Buckingham*, 
in thirty experiments, studied the rate of reaeration in a total of fifteen reaches of five clean rivers in 
the United States. They concluded that the rate at 20°C could be expressed by a formula which, 
when converted to the terms and symbols used in this Report, becomes 


(119) 


where f is the exchange coefficient in cm/h, w the speed of the current in ft/s, and z the mean depth 
in ft; the temperature coefficient was found to be 2:41 per cent per degC. 

The average value of f for the middle and lower reaches of the Thames Estuary has been 
estimated by means of Equation 119 in the following way: the average hourly value of f at each of 
twelve cross-sections (from 10-2 to 43-2 miles below London Bridge) was calculated from results of 
measurements of depth and current speed made by the Port of London Authority during an average 
tide on 2nd November 1948 (see also p. 7); the average value over the tidal cycle at each cross-section 
was then determined. The average of these twelve values—after adjusting to terms of the average 
temperature in 1950-53—-was found to be little more than 3 cm/h. A similar calculation using an 
equation due to O’Connor and Dobbins? gave 4-2 cm/h. 

At first sight these values appear to be concordant with that of 5 cm/h adopted in Chapters 17 
and 19; however, Equation 119 relates to clean fresh water, whereas the estuary contains polluted 
saline water which absorbs oxygen more slowly. 

Equation 119 does not appear to apply to clean British rivers. Recent work at the Laboratory*® 
has led to the corresponding equation 

yr73 | 
f = 29-5 oT (120) 
in deriving which the same temperature coefficient of 2:41 per cent per degC was assumed for 
purposes of comparison with Equation 119. The average value of the exchange coefficient in the 
estuary calculated by means of Equation 120 is found to be 3:9 cm/h. 

These equations, as mentioned above, were derived for clean fresh water; it is estimated on 
pp. 382-383 that the effects of dissolved salts and surface contaminants are such that if the true 
mean value of f around 1950-53 was 5 cm/h, then had the estuary not contained such substances 
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the mean value would have been about 12 cm/h—three or four times as great as the values given by 
Equations 119 and 120. 

There are other ways in which these equations cannot be considered fully applicable to an 
estuarine system. Around slack water the velocity, v, falls so close to zero that the calculated value 
of f is virtually zero, whereas it is believed* that no experimental values below 0-4 cm/h have been 
found even for stagnant water. A more important consideration is that the surface agitation due to 
wave action is likely to be much greater in an estuary open to the sea than in an inland river; for 
example, it was shown in Table 148 (p. 359) that the changes in oxygen content in a wave tank 
gave values of 8-42 cm/h for the exchange coefficient in water (with no net velocity over the 
cross-section) under different wave conditions. Each of the two equations indicate that f varies 
roughly as 3-8, but each was derived from data in reaches where the mean depth did not exceed 
12 ft (only 3 ft for Equation 120) and it cannot necessarily be assumed that the same relations 
apply to depths of 30 ft or more. 

After examining the reasons why Equations 119 and 120 may be seriously in error when applied 
to the Thames Estuary, the difference between the estimated clean-water value of 12 cm/h and that 
of 6-6 cm/h derived from Equation 120 is not surprising. 


FACTORS AFFECTING EXCHANGE COEFFICIENT 


Although laboratory experiments could not provide information on the absolute value of the 
exchange coefficient to be expected in the estuary—since it was not possible to reproduce the move- 
ment of the estuary water on a small scale—many experiments were made to investigate the effects 
of such factors as temperature, salinity, and the presence of contaminants. 

Most of the earlier experiments®’-%® were made in glass, earthenware, or Perspex absorption 
vessels in which fresh or saline water was agitated in various ways to give a series of exchange 
coefficients covering the range of values within which the coefficient in the estuary was thought 
likely to vary. Similar experiments were also made in the two wave tanks mentioned on pp. 359 
and 360. 

Further experiments were made in flowing water. Fresh water was used in a half-round 
channel*-* (Plate 21, facing p. 368), about 400 ft long and 6 in. wide, in the services duct beneath 
the floor of the Laboratory, and both fresh and saline water were used in two rectangular channels 
(Plate 22) each 100 ft long and 6 in. wide, in the grounds of the Laboratory. In addition a single 
series of experiments was carried out in a small stream in the English Lake District”®. 

The results of these various experiments were not entirely consistent. The discrepancies between 
results of experiments using absorption vessels of different shapes, and water flowing in open 
channels, make it clear that not only the absolute magnitude of the exchange coefficient, but also the 
method by which the water is agitated, is of importance in determining the effects of certain factors 
on the rate of aeration. It is reasonable to suppose that the experiments carried out in flowing 
water are more relevant to conditions existing in an estuary than are those made in absorption 
vessels; consequently, the results of the former are used preferentially in the calculations made on 
pp. 382-385. Owing to the variability of the results, and to the complexity of the effects of the factors 
studied, some of the conclusions reached must be considered to be qualitative only. 


Experiments in absorption vessels 


In each of the experiments in which absorption vessels were used, the overall absorption 
coefficient was determined (by the methods outlined on p. 353) from measurements of the dissolved- 
oxygen content in two or more samples of the water removed at suitable intervals after de-oxygenation 
with sodium sulphite and a catalyst or with nitrogen. In most cases the two-point technique was 
used, the initial and final concentrations of oxygen, C, and C,, each being the mean of triplicate 
determinations. The net rate of removal of oxygen by polluting matter, b, was determined from the 
difference between the means of duplicate determinations of the content of oxygen in samples 
of the water before and after incubation. Further details may be found in the published papers***®, 

One of the main difficulties encountered was the wide variability, under given conditions, 
of the exchange coefficient in apparently clean water, particularly at values below 20 cm/h. This is 
believed to have been due to the presence of traces of grease or other contaminants in the apparatus 
used. Reasonably consistent values were obtained by first washing with a strong solution of mixed 
household detergents, and following this by prolonged rinsing, usually overnight, with a stream 
of tap water. It was found worthwhile to keep the apparatus continuously flushed with clean water 
when not in use. A few measurements (some on the effect of salinity?’ and some on the effect of 
surface-active agents) which were made before this procedure was evolved, gave anomalous results 
when compared with later data, and have been rejected. It was not possible to clean the large wave 
tank in the same way. When elaborate precautions are taken to avoid slight contamination in control 
experiments, the reductions found in the exchange coefficient on adding contaminants may be 
expected to exceed those in natural waters where some initial contamination must always be present. 
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Experiments in flowing water 

In the channel experiments, nominal values of the exchange coefhicient were determined 
(as outlined on pp. 353-354 and described in detail in published papers”) from measurements 
of the oxygen deficits at the various sampling points, of the nominal surface areas between them, 
and of the rate of flow by passing the water through a flow meter. ‘The procedure was similar in the 
experiments in the lakeland stream*® except that the flow was measured by three different methods, 
all of the salt-dilution type. 


AGITATION 


The degree of surface agitation of a body of water greatly affects the exchange coefficient. 
Two factors on which this agitation depends in flowing water are the velocity and depth (pp. 366-367). 


Wind 

The action of wind was briefly studied®* by forcing an air stream, generated by a fan, horizontally 
over the surface of water mixed by an impeller in a Perspex tank in which ripples could be generated 
mechanically by a vertical reciprocating baffle. The velocity of the air stream was measured with a 
small cup- type anemometer, the middle of the cups being about 5 cm above poe water surface. The 
apparatus is shown in Fig. 198. 
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Fic. 198. Apparatus for studying effect of wind on rate of solution of oxygen in water 


Using distilled water in which ripples were generated solely by the air stream, the exchange 
coefficient changed little with increasing wind speed until after the surface of the water had begun 
to be noticeably disturbed—this occurred at a velocity of about 6:5 m.p.h. (Fig. 199). It is possible 
that the rapid increase in the exchange coefficient above about 8 m.p.h. corresponded to a change 
in the flow of air over the water surface from laminar to turbulent—a change which is reported*® 
to occur in a critical range of velocities between 6 and 7 m/s (13:4-15-7 miles per hour) measured 
at the standard height of 10 m above the surface. Unfortunately, no information relating the variation 
in wind speed with height above a water surface has been found for heights of less than 18 cm. 
However, it has been shown* that in many cases the observed wind profiles follow a logarithmic law 
which relates the wind speed at any height to that at a reference height. By extrapolating the — 
logarithmic plot of measurements of wind velocity between 1 and 20 m it was found that the 
velocity at 5 cm above the surface would be approximately half that at the standard height of 10 m. 
Thus the critical range of velocities at 5 cm is estimated to be 6-7—7-8 m.p.h., and this corresponds 
closely to the observed velocities at which the water began to be visibly disturbed (6:5 m.p.h.) 
and at which the rate of solution began to rise (about 8 m.p.h.). 

As the wind speed was further increased, the surface became increasingly ruffled by small 
waves and ripples and there was a steady rise in the exchange coefficient from about 2 cm/h at 
7 m.p.h. to 35 cm/h at 20 m.p.h. In experiments in which the surface of distilled or saline water 
was disturbed by ripples formed mechanically as well as by wind, similar results were obtained, 
although of course the initial values of the exchange coefficient were somewhat higher (Fig. 199). 

To compare these effects with those observed using the tent method in the estuary the measured 
wind speeds must again be related to the speed 10 m above the surface. The agreement between 
the two sets of results is, however, not very close (Fig. 199); this is perhaps hardly surprising in 
view of the differences i in the degree of pollution and in the motion of the water in the laboratory 
experiments and in the ¢Stuary. 
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Fic. 199. Effect of wind on exchange coefficient in an experimental tank and in estuary 
Open circles, distilled water; no ripples other than those formed by wind 


Squares, distilled water mechanically produced ripples 
Triangles, sea water (salinity in addition to those 
30g/1000g) formed by wind 


Closed circles, experiments with tents in estuary (From Fig. 194 (a), p. 358) 


Waves 


In experiments in the 5000-gal wave tank the exchange coefficient increased almost linearly 
from 9-6 to 37 cm/h as the height of progressive waves (generated at a constant frequency of 
75 per min) increased from 1-1 to 4-3 in. (Fig. 200, Curve A). Attempts to increase the height 
above 4-3 in. caused the waves to become unstable and to break. With irregular choppy waves 
of almost the same frequency, the exchange coefficient increased less rapidly with increasing 
wave size (measured as the mean of the range of heights of the largest 20 per cent of the waves) 
from 11 cm/h at a wave height of 2-5 in. to 25 cm/h at 5-2 in. (Curve B). Varying the frequency 
of progressive waves (3-2 in.) from 36 to 75 waves/min increased the exchange coefficient from 


15 to 27 cm/h (Curve C). 
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Fic. 200. Effect of height and frequency of waves on exchange coefficient in wave tank and in estuary 
A: wave length, 3-25 ft; frequency of waves, 75 per min 
B: frequency of waves, 76 per min; choppy conditions 
C: wave height, 3-2 in.; smooth waves 
D: regression line fitted to values obtained with tents in estuary (from Fig. 194 (6), p. 358) 
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Curve D in Fig. 200 is part of the regression line shown in Fig. 194(b) (p. 358), and represents 
the relation between wave height and the values of the exchange coefficient found when using the 
tents in the estuary; the slope of this line is much less than was found in the laboratory experiments. 
The mean estimated height of waves in the field measurements was 4-7 in. and the mean frequency 
43 per min; the mean exchange coefficient corresponding to these values was 11-0 cm/h. From 
Curve B the exchange coefficient for choppy waves having this height and a frequency of 76 per min 
is about 22 cm/h. If the effect of frequency is the same as that given by Curve C—which shows a 
reduction of 8 cm/h when the frequency falls from 76 to 43 per min—then the predicted exchange 
coefficient for waves of a frequency of 43 per min is 14 cm/h. This is in fair agreement with the 
mean value from the measurements by the tent method, but considering the differences in the 
methods of estimating wave heights, and in the water quality, the agreement is probably fortuitous. 


Rain 

Effects of rain were studied by determining the changes in exchange coefficient when drops of 
water fell continuously into a laboratory vessel and when rain fell into a tank. 

In the laboratory experiments, drops of oxygenated water about 5-4 mm in diameter were 
allowed to fall 11 ft into 401. of partially de-oxygenated water, at a temperature of 20+0-2°C, 
stirred with an impeller in a rectangular glass vessel. The dissolved-oxygen content was determined 
at intervals, the water level being adjusted to the initial level by addition of a small quantity of 
de-oxygenated water after each sample was removed. The exchange coefficient was determined both 
with and without drops falling. In the former case the values were calculated on the assumption 
that the rate of change in concentration of dissolved oxygen was given by a relation of the form 
of Equation 97 (p. 352) in which the subtraction of b is replaced by addition of the rate at which the 
oxygen content of the water is increased by the oxygen dissolved in the saturated drops. It is 
assumed that this rate is constant and that when expressed in p.p.m./h it is equal to the concentration 
of dissolved oxygen in the drops multiplied by the ratio of the total volume of drops falling per hour. 
to the volume of water in the tank. 

The velocity of the drops was measured in separate experiments by photographing the falling 
drop during an exposure of roughly ;4,s, the actual exposure being found by simultaneously 
photographing a disc rotating at a known speed. From three such measurements, it was concluded 
that the velocity during the last 2-3 ft of fall was about 23 ft/s—or only three-quarters of the value 
given by Best* for the terminal velocity of rain drops of this size. Because of this it was thought that 
the effect due to raindrops was somewhat smaller in the laboratory experiments than might occur | 
in practice, but that the velocities were not sufficiently different to alter the order of magnitude — 
of the effect. 

The variation in the effect of the falling drops with their rate (expressed in terms of the equivalent 
rainfall) and with the initial value of the exchange coefficient is shown in Fig. 201. There is not 
much alteration in the exchange coefficient until the rate of rainfall exceeds a certain threshold 
value, above which increasing the rate increases the exchange coefficient—fairly rapidly when the 
initial value is low, more gradually and by proportionately smaller amounts when it is high. 
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Fic. 201. Effect of equivalent rate of rainfall on exchange 
coefficient of water into which uniform drops of water were falling 


Diameter of drops, 5-4 mm; initial exchange coefficient (em/h) shown against each curve 
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In experiments with natural rain, about 75 gal of water in a polythene-lined tank were agitated 
either with an impeller or with a reciprocating vertical baffle. Unfortunately, very little rain fell at 
convenient times during the period available for these experiments, so that the information obtained 
was rather meagre. Results of a typical experiment are shown in Fig. 202. The effect of the natural 
rain was roughly similar to that of the uniform drops. 

The variation, with the initial value of the exchange coefficient, of the effects caused by a given 
rate of rainfall, or by uniform drops falling at the same equivalent rate of rainfall, can be roughly 
represented by a single smooth curve (Fig. 203). 

Clearly, insufficient results were obtained to determine accurately the probable effect of rain 
on the exchange coefficient in the estuary. Standard figures for the total monthly rainfall in the region 
of the estuary vary between about 1-4 in. for April and 2-6 in. for October. If the effect of rain 
is similar to that given by Fig. 203, and the exchange coefficient in the estuary is about 6 cm/h, 
it seems unlikely that, as a result of rain, the exchange coefficient will vary from month to month 


or quarter to quarter by more than a few per cent, although short-term variations in heavy storms 
might easily double its magnitude. 
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Fic. 202. Effect of rain on rate of aeration of water. 
Typical results for period when 0-2 in. of rain fell in 1 h 


A, f = 3:0 cm[h (no rain) 
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D, Control, f = 3:0 cm/[h 


Rainfall or equivalent 
© @ OF in./h 













- 
z 
WwW 
U 
Lae | 
ui 3200 noe O02 * 
O 9 O A 0:3 ” 
W's 150 
ae 
< ¢ 
ais 
x © 100 
Wy 
[oy 
Z8 
s 50 
i) 
Wo . 4 
% 3S SS  , 
ah En ihe r 
oqren) 10 20 30 40 
& INITIAL EXCHANGE COEFFICIENT. WITH NO RAIN 


FALLING (cm/h 


Fic. 203. Effect of rain on exchange coefficient 


Interpolation or extrapolation from laboratory experiments (open symbols) and 
experiments in open (closed symbols) 
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TEMPERATURE 


The literature on the effect of temperature is rather conflicting. Values of the temperature 
coefficient of the overall absorption coefficient (or of the exchange coefficient) in the range 0-40°C, 
reported by other workers**—*1*°, vary from an increase of about 4-8 per cent per degC down to nil. 
In most cases the effect is reported to be linear or nearly so for temperatures up to 30°C. A theoretical 
value between 1:2 and 2-4 has been postulated’. 

To provide further data from which to assess the probable value of the temperature coefficient 
in the estuary, the exchange coefficient was determined in a variety of aeration systems over a wide 
range of temperatures (the overall range being 0-40°C) and in each system the exchange coefficient 
was found to increase approximately linearly with temperature. The values given below for the 
temperature coefficient are in terms of the increase, «, in the exchange coefficient per degC increase 
in temperature, expressed as a percentage of the value, f,;, at 15°C; thus 


100 df 
a= —.—, 
fis aT 


where df/dT is the rate of change of exchange coefficient with temperature. 


(121) 


Experiments with tap water in four reaches of the half-round channel gave values of « from 
0-81 to 1-84, with a mean value of 1-59. The effect of temperature on the exchange coefficient in 
two reaches is shown in Fig. 204(a and b). 

Fresh and saline waters, subjected to varying degrees of agitation, were studied in absorption 
vessels*®. Measurements were also made with water contaminated with 10 per cent of a sewage 
effluent containing, before dilution, about 10 p.p.m. anionic detergent, and with water containing 
1-0 p.p.m. anionic detergent only; some representative results are given in Fig. 204(c and d). 
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Fic. 204. Effect of temperature on exchange coefficient 
( (a and b) Tap water flowing in half-round channel 
(c and d) Water stirred in absorption vessels 
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The average of 16 values obtained for the temperature coefficient, «, was 2:41; the individual 
values ranged between 1-6 and 3-7, and did not show a significant correlation with the value of the 
exchange coefficient at 15°C—nor did they appear to depend on the composition of the water. 

Experiments” with tap water passing over an experimental weir gave a temperature coefficient 
equivalent to a value of 1-85 for «. 

These values of 1-59, 2-41, and 1-85 show quite a wide range; it was considered that the first 
figure was likely to be the most relevant to conditions in the Thames Estuary since it was the result 
of experiments made in flowing water. Nevertheless, the earlier work by Streeter, Wright, and 
Kehr*® gave a value of 4-7, and the later work by Churchill* a value of 2-4, both in flowing water. 
It is assumed, in the remainder of this Report, that the exchange coefficient is a linear function of 


temperature in the range 0-30°C and that the temperature coefficient is 1-6 per cent per degC of the 
value at 15°C. 


SALINITY 


The rate of absorption of atmospheric oxygen is substantially lower in sea water than in fresh 
water. The effect of salinity on the exchange coefficient was studied*? using sea water collected at 
high water from the Crouch Estuary about 2 miles seaward of Burnham-on-Crouch and stored 
in a 1200-gal tank at the head of the channels shown in Plate 22 (facing p. 368). Fresh water and 
sea water were fed continuously to one of the channels in proportions which varied from one 
experiment to another. Since it was thought that the proportional reduction in the exchange coefficient 
might depend to some extent on the initial value in fresh water, at least three different rates of flow 
(and hence of aeration) were used at each salinity. The range of values of the exchange coefficient 
in fresh water was 4-20 cm/h; within this range no significant relation was found between the 
value in fresh water and the proportional reduction in water of any given salinity. The average 
results are shown in Fig. 205, where the percentage reduction is plotted against the salinity. Equal 
distances along the horizontal scale are equivalent to equal increments in the square root of the 
salinity, since it was found that by plotting the data in this way an almost linear relation was 
obtained; the straight line was fitted by the method of least squares. It is seen that the percentage 
reduction attributable to the presence of sea water was about 6 times the square root of the salinity 
expressed in g/1000 g. 
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Fic. 205. Effect of salinity on exchange coefficient of water flowing in 
rectangular channel, from experiments with mixtures of tap water and clean sea water 


Experiments with sea water and with solutions of sodium chloride, stirred in absorption vessels, 
gave reductions in the exchange coefficient nearly twice as great as found in flowing water over the 
same range of initial exchange coefficients. These experiments indicated that under these conditions 
there was no pronounced difference between the exchange coefficient in sea water and that in 
solutions of sodium chloride having almost the same salinity, but that at a given value of the exchange 
coefficient the effect of salts depended on the method of agitation. 
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GENERAL EFFECTS OF CONTAMINANTS 


Several workers®?-47-54,50 have shown that the rate of aeration of water is reduced, sometimes by 
a half to two-thirds, by the presence of contaminants, particularly those with surface-active 
properties. In view of these large effects it was of considerable importance to determine to what 
extent the exchange coefficient in the estuary might be dependent on the concentration and character 
of polluting matter present. Since well purified effluents, and sewage which has been treated only 
by primary sedimentation, are both discharged to the estuary, the gross effects of these types of 
material were examined, as also were the separate effects of their more important surface-active 
constituents—residual surface-active agents derived from synthetic detergents and soaps (the latter 
probably not occurring in substantial quantities in the well purified effluents). The effects of oil 
films and reducing agents were also studied, but in less detail. 

Particular attention was given to the effects of residual anionic surface-active agents, as these 
have been present in sewage effluents in appreciable quantities only since the start of the Laboratory’s 
work on the Thames Estuary. To determine their effects, experiments were first made with effluents 
containing no surface-active agents derived from detergents; these detergent-free effluents were 
obtained by treatment, in laboratory-scale percolating filters or activated-sludge units, of a settled 
synthetic sewage prepared from water, human faeces, urine, soap flakes, garden soil, shredded paper 
(or potato starch), and tea dregs according to standard recipes®®**. To provide effluents containing 
detergent residues, a mixture of seven proprietary household detergents was added to this sewage 
before treatment. 

Much experimental work is needed to determine fully the effect of even a single contaminant 
on the rate of aeration. In general, the effect does not change linearly with concentration, and is 
dependent not only on the magnitude of the exchange coefficient in the absence of the contaminant, 
but also on the system in which this coefficient is obtained. Furthermore, the difficulty in obtaining 
reproducible results in aeration experiments (even with clean water) adds greatly to the labour 
required to arrive at conclusions which are not merely qualitative. 

Settled sewage, sewage effluent, and anionic detergents are present in varying proportions in 
estuary water of all salinities. The effects of two contaminants are seldom additive, and the 
interactions are complex. Consequently, the study of this part of the problem has been a protracted 
one, the presentation of the results is necessarily long, and the final conclusions concerning the 
effects of the contaminants on the rate of aeration in the estuary are somewhat uncertain. 


SEWAGE EFFLUENT 
In fresh water 


The effect of the addition of 10 per cent detergent-free effluent to tap water flowing in the 
half-round channel*® is shown in Fig. 206(a); there was no appreciable difference between the 
effects of effluent from an activated-sludge plant and that from a percolating filter. The curve 
through the plotted points is reproduced as the broken curve in Fig. 206(b) where the continuous 
curves show the results of less detailed experiments with other concentrations of filter effluent. 
It may be seen that the percentage reduction varied very roughly as the logarithm of the concentration, 
doubling the concentration adding a further 5 per cent to the reduction. With water stirred in absorp- 
tion vessels” the effect of change in concentration was about twice as great. 


In saline water 


The percentage reduction in the exchange coefficient, when sewage effluent was added to saline 
water flowing in the rectangular channel, appeared to be independent of the salinity*?. Thus the 
average reductions attributable to 1, 5, and 30 per cent detergent-free sewage effluent, in eight or 
nine experiments over the full range of salinities, were —1, 4, and 24 per cent respectively, and 
these figures agree well with those of — 34, 6, and 244 found by interpolating in Fig. 206(b) (which 
refers to fresh water in the half-round channel) at the average exchange coefficient of 12 cm/h 
used in the experiments. On the other hand, the effect of 10 per cent effluent, stirred in absorption 
vessels, was found to be progressively reduced as the salinity increased, although in some cases 
not until it exceeded 10 g/1000 g. 


SETTLED SEWAGE 


In fresh water 


The effects of various concentrations of settled detergent-free sewage on the rate of aeration 
of flowing tap water are shown in Fig. 207. The presence of sewage reduced the exchange coefficient 
by amounts depending on both the sewage concentration and the initial value of the exchange 
coefficient. Also shown in the diagram is the effect of domestic sewage in experiments made by 
Kehr*? in 1938. If, as seéms likely, the sewage contained no significant amount of anionic detergents — 
at that time, there is good agreement between the two sets of results. No more than qualitative 
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EXCHANGE COEFFICIENT IN TAP WATER (cm/h) 


Fic. 206. Reduction in exchange coefficient produced in flowing tap water by various concentrations of 
detergent-free sewage effluent 


Percentage of sewage effluent shown against each curve 
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Fic. 207. Reduction in exchange coefficient produced in flowing tap water by detergent-free settled sewage 


agreement was found between the results of experiments made in stirred and flowing water, and it 
is evident that the method of agitation is another factor on which the effect of added sewage depends. 
Three experiments (at initial exchange coefficients of 7, 12, and 32 cm/h) in which 5 per cent 
settled detergent-free sewage was added to fresh water stirred in an absorption vessel, showed no 
significant difference when soap was omitted from the synthetic sewage. 


In saline water 

The effect of adding synthetic sewage to flowing saline water (a mixture of tap water and clean 
sea water) was studied in the rectangular channel”. The B.O.D. of the settled sewage ranged 
between 105 and 225 p.p.m. with an average value of 190 p.p.m. There was no distinct relation 
between the salinity of the water and the proportional reduction in the exchange coefficient produced 
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by the added sewage. (In experiments with water stirred in a vessel, however, an increase in salinity 
was accompanied by a marked fall in the effect of the added sewage.) The average results for each 
of the five concentrations of sewage added are shown by the encircled points in Fig. 208. The range 
of salinities used was from 1 to 30 g/1000 g; the number of experiments made with each concentration 
of sewage is shown by the figures against the plotted points. The three upper broken curves in this 
diagram have been taken from Fig. 207; the range of exchange coefficients in the absence of sewage 
was 8-12 cm/h in the recent experiments, or roughly the same as in Kehr’s. The results of the 
experiments at the Laboratory, using synthetic sewage added to fresh water in the half-round 
channel and to saline water in the rectangular channel, are in satisfactory agreement with those 
made (some 20 years earlier) in the United States, using domestic sewage before the use of detergents 
was widespread. However, subsequent work by Rand®°—shown by the crosses in the diagram—gave 
very much smaller reductions in the rate of aeration when domestic sewage from four different 
sources was used. The discrepancy is the more remarkable since this sewage contained up to 10 p.p.m. 
detergents. A possible explanation for these very different results is that Rand’s experiments were 
made under quiescent, or almost quiescent, conditions, whereas all the other data in Fig. 208 refer 
to flowing water. The continuous line in the diagram is that thought to represent best the relation 
between sewage concentration and percentage reduction in exchange coefficient in saline water 
when the corresponding value of this coefficient in clean water is 12 cm/h. 

The lowest curve in Fig. 208 shows the effect of detergent-free sewage effluent, having an 
average B.O.D. of 8 p.p.m., in saline water. It may be noted that the effects of settled sewage and 
sewage efHuent diluted to give the same B.O.D. were similar. Thus 35 per cent sewage effluent 
at 8 p.p.m. had the same B.O.D. as 1-5 per cent settled sewage at 190 p.p.m., and the reduction 
shown for this concentration of effluent is in reasonable agreement with that for the corresponding 
sewage concentration. 
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Fic. 208. Reduction in exchange coefficient produced by settled sewage and sewage effluent 
All except Rand’s data are for detergent-free conditions 
Figures against plotted points show number of experiments made at that concentration 
Initial exchange coefficients shown above curves 2 


ANIONIC SURFACE-ACTIVE AGENTS 


In clean fresh water 


Anionic surface-active agents were added to clean water as constituents of a mixture of seven 
proprietary household detergents, the concentration of active material being determined by the 
method of Longwell and Maniece®’, and expressed in terms of a reference substance, ‘Manoxol OT’— 
sodium di(2-ethyl hexyl)sulphosuccinate. In Fig. 209 the effect of the addition of about 1 p.p.m. 
active matter to tap water flowing in the half-round channel is compared with that in water agitated 
in various ways in laboratory absorption vessels®® or in a wave tank. Also shown are the results of some 
experiments in a stream” in which the concentration varied between 0-6 and 3-5 p-p-m., though no 
effect of concentration was discernible within this range. The results of these various experiments 


alia 
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are in rough general agreement, the surface-active agent reducing the exchange coefficient by 
relatively smaller amounts at very low and very high exchange coefficients than at intermediate 
values. However, the magnitude of the reduction at a given exchange coefficient appears to depend 
upon the way in which the water is agitated, though experimental error may account in part for some 
of the differences. Under given conditions of agitation, the exchange coefficient decreased with 
increasing concentration of surface-active agent, rapidly at first and then more slowly. The observed 
reduction produced by any given concentration minus the reduction given by 1 p.p.m. varied in a 
roughly linear way with the logarithm of the concentration when this was not more than 3 p.p.m. 
The slopes of regression lines fitted to the data from experiments in a channel and those in absorption 
vessels were almost identical (Fig. 210); both indicated that a tenfold increase in concentration resulted 
in an increase of about 10 per cent in the reduction in the exchange coefficient. 
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ranged from 0-6 to 3:5 p.p.m. 


In clean saline water 


Results of experiments with flowing water*?, showed no marked difference when saline water 
was substituted for fresh. This is seen from Fig. 211 where the scatter of the plotted points may be 
sufficient to account for the observed difference; in stirred water, however, the effect of 1 p.p.m. 
as ‘Manoxol OT” decreased with increasing salinity at exchange coefficients below 30 cm/h. 
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In fresh water containing sewage effluent 


It was found*® that the percentage reduction in exchange coefficient, caused by a given 
concentration of surface-active matter, was rather less in flowing water containing sewage effluent 
than in clean flowing water; on average, over a wide range of concentrations of each constituent, 
this difference amounted to about 5 per cent of the initial exchange coefficient. Similar results were 
obtained using absorption vessels®, and from experiments made both in flowing water and absorption 
vessels it was concluded that the effect of a given concentration of surface-active matter was the 
same whether or not the detergents had passed through a sewage-treatment plant. 


In saline water containing sewage effluent 


The effects of 1 p.p.m. anionic surface-active agent (mixed household detergents) in stirred 
fresh water and water of salinity 35 g/1000 g were compared with those in fresh or saline water 
containing 10 per cent detergent-free effluent. The information was rather meagre but it appeared 
that within the range 5-25 cm/h the ratio of the effect of detergent in fresh water containing effluent, 
to that in clean fresh water, was roughly equal to the corresponding ratio of effects in saline water. 
No corresponding experiments were made in flowing water. 


In fresh water containing settled sewage 


In Table 150 the percentage reductions in the exchange coefficient, caused by adding anionic 
surface-active agents to fresh water flowing in the half-round channel*, are compared with those 
caused by adding them to water containing detergent-free settled sewage; the latter reductions 
are seen to be markedly lower than the former under some conditions. Qualitatively similar effects 
were observed in experiments with stirred water. From both sets of experiments it would appear 
that under given conditions, the effect of the surface-active agents decreases with increase in the ~ 
proportion of settled sewage initially present. When the ratios of the percentage reductions (from the 
clean-water value) in water containing sewage to those in fresh water at a given exchange coefficient 
are plotted against the logarithm of the concentration of sewage the results are found to lie roughly 
on a straight line. 


Table 150. Effect of anionic surface-active agents on rate of aeration of 
flowing water containing synthetic detergent-free sewage 






































Concentrations of Percentage reductions in exchange coefficient due to 
constituents presence of surface-active matter 
Reach I Reach II 
Anionic (Initial exchange coefficient (Initial exchange coefficient 
Settled surface- 1-5 to 4 cm{h) about 55 cm|h) 
sewage active 
(per cent) agent In water In clean : In water In clean 3 
(p.p.m.) | containing water mike containing water mee 
sewage (A) (B) (B-2) sewage (A) (B) (BA) 
0-2 0-04 34 44 10 16 11 —5 
hep. 58 59 1 26 Wi 1 
1 0-09 2 36 34 0 14 14 
0-2 aT] 48 21 —2 18 20 
0:08 23 38 15 11 14 3 
A 0-2 4 38 34 2 18 16 
0:8 41 47 6 13 24 11 
0-8 11 43 32 5 24 19 
0-09 0 35 85 1 14 13 
10 0-2 0 24 24 5 18 13 
10 il 35 34 0 26 26 
PAA —2 38 40 9 | 28 1g 

















In saline water containing settled sewage 


Mixed proprietary brands of detergent washing powders were added to saline water (salinity 
1-30 g/1000 g) flowing in the rectangular channel", in concentrations of 0-01, 0-1, 1, and 10 p.p.m. 
as ‘Manoxol O'T’; settled detergent-free sewage was also added to give concentrations of 0-1, 1, and 
10 per cent. The average reductions in the rate of aeration, expressed as percentages of the value 
in water of the same salinity and the same concentration of detergent-free sewage (but without added 
detergents), are plotted in Fig. 212 where continuous lines have been drawn to pass through the 
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Fic. 212. Reduction, attributable to presence of surface-active 
matter, in exchange coefficient of flowing saline water containing 
settled sewage 
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lines drawn through averaged data 


For explanation of broken line see text 


average values for each set of experiments. The data for 10 per cent settled sewage (the only series 
in which the concentration of surface-active matter exceeded 1 p.p.m.) again suggest that the 
reduction attributable to 10 p.p.m. is approximately the same as that which would be expected at 
3 p.p.m. on the assumption of a linear relation between the percentage reduction and the logarithm 
of the detergent concentrations taken from the values at 0-1 and 1 p.p.m.—see broken line in Fig. 212. 

It is evident that as the concentration of settled sewage increases, the proportional reduction 
caused by a given concentration of detergent decreases. For example, 0-1 p.p.m. surface-active 
matter gave reductions of roughly 24, 13, and 2 per cent in the rate of aeration of saline water 
containing respectively 0-1, 1, and 10 per cent settled sewage. Not only is the concentration of 
detergent required to give a particular reduction in the rate of aeration greater in the presence of 
higher concentrations of sewage, but the effect produced by a given increase in detergent concen- 
tration is less in the presence of more settled sewage—this is shown by the decreasing slopes of the 
lines in Fig. 212 as the concentration of sewage increases. A tenfold increase in the concentration 
of surface-active matter (up to 3 p.p.m.), in the presence of 0-1, 1, and 10 per cent sewage, gave 
reductions in the exchange coefficient equivalent to 16, 114, and 7 per cent respectively. In clean 
sea water the corresponding reduction was found to be 22 per cent, and in clean fresh water 10 per cent. 

It has been shown in the preceding pages that the presence of either settled sewage or of 
surface-active agents produces a substantial reduction in the rate of aeration, and that the addition 
of detergent to detergent-free settled sewage gives a further reduction. It is of interest to compare 
the reduction in the rate of aeration resulting from the addition of a given concentration of surface- 
active matter in clean water with the overall reduction given by the same concentration in the 
presence of different concentrations of settled sewage. In Fig. 213 the curve labelled 0 shows the 
rate of aeration, as a percentage of the value in clean water, when different concentrations of 
surface-active matter are added. The curves labelled 0-1, 1, and 10 show the corresponding rates 
of aeration for these three percentage concentrations of settled sewage. This graph shows, rather 
surprisingly, that although settled sewage by itself produces substantial reductions in the rate of 
aeration (see Fig. 208, p. 376) the average reduction produced by the mixture of detergents and 
settled sewage is only of the same order of magnitude as the reductions produced by the detergents 
alone. In two cases—those for 1 p.p.m. at 1 per cent, and 10 p.p.m. at 10 per cent—the average 
reduction due to detergents and settled sewage is shown as even less than the reduction due to the 
same concentration of detergent in clean water; it is not certain whether these discrepancies can be 
attributed to experimental error. 

The rate of aeration of stirred water of salinity 35 g/1000 g, containing 5 per cent detergent-free 
settled sewage, was reduced much less by the addition of 1 p.p.m. anionic surface-active agent, 
at exchange coefficients below 20 cm/h, than was the rate of aeration of water of the same salinity 
containing no sewage, or of fresh water containing 5 per cent sewage. 
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Fic. 213. Overall reduction, attributable to presence of settled sewage 
and surface-active matter, in exchange coefficient of flowing saline water 


Concentration of settled sewage shown above each curve 


It appears that the proportional reduction in the exchange coefficient, produced by surface-active 
agents in the presence of either settled sewage or sewage effluent, is little influenced by salinity. 


OTHER CONTAMINANTS 
Soap 


The main surface-active constituents in proprietary soaps used for washing are sodium or 
potassium salts of long-chain fatty acids—stearates, oleates, and palmitates being particularly 
common. There is little published work to show whether or not such materials find their way into 
sewage effluents. Undoubtedly a substantial proportion of the soap discharged to sewers is 
precipitated by the calcium and magnesium ions in hard water as sparingly soluble salts which are 
probably mainly removed in primary sedimentation tanks at sewage works. The amount remaining 
in solution might, in some circumstances, be quite large. It is estimated, from the total flow of sewage, 
that the annual consumption of soap in the United Kingdom would give rise to a concentration 
of the order of 80 p.p.m. fatty acid (taken to be stearic acid) if no precipitation occurred. Assuming 
that the concentration of metals, other than calcium or magnesium, forming insoluble soaps is 
relatively small, and that the soap is predominantly sodium or potassium stearate, it is estimated 
from the solubility products of calctum and magnesium stearates that about 90 per cent of the 
soap should be precipitated from a sewage containing 100 p.p.m. calctum and 5 p.p.m. magnesium, 
leaving about 8 p.p.m. in solution. However, it is thought that the concentration of soap in the 
efHuent from sewage works giving secondary treatment by biological filtration, or by the activated- 
sludge process, will generally be very much lower—perhaps even zero—since simple straight-chain 
aliphatic compounds appear to be readily oxidized in these processes. Thus it seems unlikely that the 
discharge of well purified effluents introduces any appreciable proportion of soap to surface waters. 
Nevertheless, the discharge of settled sewage (as to the Thames Estuary) may do so. The concen- 
trations of calctum and magnesium ions in estuary water of salinity 15 g/1000 g are about 175 p.p.m. 
and 555 p.p.m. respectively. In water of this composition the concentration of stearate ion would be 
limited by the solubility of magnesium stearate and would be about 2 p.p.m. 

The results of aeration experiments, plotted in Fig. 214, indicate that the effects of a small 
concentration of soap in tap water (1 p.p.m. Sapo animalis) were remarkably similar to the effects 
of 1 p.p.m. anionic detergent under the same conditions. In the same diagram are shown the 
effects on the exchange coefficient of adding 1 p.p.m. anionic detergent to water already containing 
1 p.p.m. soap. In all cases the effect of the detergent in the presence of soap was less than in clean 
water, the reduction in the effect being particularly marked at low exchange coefficients. 

The possibility that precipitated magnesium stearate could modify the surface properties of 
estuary water, and hence the exchange coefficient, has not been investigated. 


Oil 


It is quite common to see on the surface of the estuary patches of oil showing typical interference 
colours. These patches probably consist mainly of lubricating oil from ships, although oil may 
occasionally be spilt from tankers while discharging their cargoes. A proportion may also have 


ABSORPTION OF ATMOSPHERIC OXYGEN 381 


Co 
(>) 


© Soap in clean fresh water 


EXCHANGE 
(per cent ) 
n 
Oo 


> 
© 


Mixed household detergents in: 
clean fresh water 


x--x clean water containing 
soap 





ine) 
= Bae =) 





REDUCTION IN 
COEF FICIENT 


rf 
[#012 SHoOw2eO: 2% 0ve 100 


INITIAL EXCHANGE COEFFICIENT 
(cm/h 


Fic. 214. Reduction in exchange coefficient produced by 1 p.p.m. soap (Sapo animalis) in stirred fresh water 
compared with that produced by 1 p.p.m. anionic detergent in fresh water and in water containing 1 p.p.m. soap 


originated from the discharge of oily waste during cleaning at sea of the storage holds of tankers 
or oil-burning ships, to which pollution of coastal waters by oil is often attributed®. 

It is not known whether in addition to these isolated oil slicks there is normally an invisible 
film of oil on the surface of the estuary, but since it would require only about 300 ml of oil to form 
a unimolecular layer covering a square mile of surface this would appear to be quite possible, 
unless the oil is prevented from spreading by the nature of the water or is continuously removed, for 
instance by adsorption on suspended matter. A few experiments were made* to determine the effect 
on the rate of aeration of fresh water of films of a light spindle oil (Wakefield Magna S.P.). This was 
added to the water surface with a micro-pipette either directly or, when the volume of neat oil 
was too small for accurate manipulation, as a solution in petroleum ether or redistilled benzene, 
the solvent being subsequently evaporated by directing a jet of air on to the water surface. As far as 
could be seen with the naked eye, the oil formed an approximately uniform layer on the surface; 
this layer remained apparently intact during mild agitation, but when there was a vortex in the 
water some of the oil was dragged into the centre where it remained as a tiny pool or drop. Since the 
true thickness of the oil layer was difficult to measure, results have been expressed in terms of nominal 
film thicknesses calculated from the volume added, assuming a uniform film. 

The effects of films ranging in nominal thickness from 0-01 to 5u (10-® to 5x 10-4 cm) at 
different initial values of the exchange coefficient are shown in Fig. 215. With films of thickness 
0-O1p (roughly three times the thickness of a unimolecular layer of a typical insoluble surface-active 
substance such as oleic acid) the effect was relatively small except at the highest initial exchange 
coefficient when the reduction was 27 per cent. There was a gradual reduction in the exchange 
coefficient with increasing film thickness in all cases. 
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Reducing agents 


It is well known that solutions containing a reducing agent can, in some circumstances, absorb 
oxygen at a rate greater than that of purely physical absorption in de-oxygenated water under the - 
same conditions®®. This occurs when the rate of removal of oxygen by the reducing agent is very 
rapid, as when the velocity-constant of the reaction and the concentration of reducing agent are high. 
~ Though substances which react fairly rapidly with dissolved oxygen, such as sulphide or sulphite ion, 
are to be found in the estuary, it is thought that the concentrations are not sufficiently large to affect 
materially the rate of solution from the air. This conclusion is supported by the results of experiments 
on the oxidation of aqueous solutions of sulphite in the presence of cobalt ion as catalyst. When the 
concentration of sulphite is high, the rate of absorption of oxygen from the air is much greater than 
the rate of physical absorption when the water contains no oxygen and all the sulphite has been 
oxidized. As the concentration of sulphite falls, however, the rate of absorption approaches the rate 
of physical absorption, and at concentrations of sulphite below about 10 p.p.m. the two rates are 
substantially the same. 


PREDICTED VARIATION OF EXCHANGE COEFFICIENT IN ESTUARY 


The concentration of contaminants in the estuary varies from point to point and depends on a 
number of factors of which fresh-water flow is probably the most important. The complex nature 
of the relations between contaminant concentration and reduction in exchange coefficient, and of the 
interactions of the effects of different contaminants, makes it very difficult to assess the probable 
effects in the estuary. 

In spite of these difficulties, it is believed that the results of the laboratory experiments— 
particularly those made in flowing water—should give at least a qualitative picture of the influence 
of various contaminants on the rate of aeration, thus making possible rough calculations of the ~ 
changes in the exchange coefficient likely to result from large changes in the polluting load. 
Accordingly, in the calculations which follow, the results of experiments made with flowing water 
are used. Because of the wide differences between the distributions of salinity and other relevant 
factors at different times, average conditions during a particular period of three months—the third 
quarter of 1953—are considered. 

Let it be assumed that if the estuary contained only clean fresh water at 15°C throughout its 
length, the exchange coefficient would have a value of 12 cm/h; this figure is chosen since, as will 
be seen in due course, it is in reasonable agreement with the average value derived earlier in the 
chapter when allowance is made for the predicted effects of the various factors on the exchange 
coefficient. 

The distribution of salinity (as found from the L.C.C. data) during the third quarter of 1953 
is shown by Curve A in Fig. 216, and the effect of this factor alone on the exchange coefficient is 
indicated by Curve A of Fig. 217 which has been derived from the linear relation shown in 
FigeZ05"(p 373), 
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Fic. 216. Average abies of salinity, B.O.D., and temperature during third quarter of 1953 
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The concentrations of settled sewage and sewage effluent present in the estuary are unknown, 
but it was shown on p. 376 that both settled sewage and sewage effluent, when diluted to give the 
same B.O.D., had roughly the same effect on the exchange coefficient; the effect of these contami- 
nants on the exchange coefficient has therefore been estimated from the observed B.O.D. distribution. 
Curve B of Fig. 216 shows, approximately, the average B.O.D. distribution during the third quarter 
of 1953, and is the curve for the Laboratory’s data plotted in Fig. 108(a) (p. 180) after extrapolating, 
very roughly, from 5 to 15 miles above London Bridge. It is clear, if only by comparing the two 
distributions in Fig. 108(a), that Curve B of Fig. 216 cannot be considered to be by any means 
precise. However, using this curve and the relations shown by Fig. 208 (p. 376), Curve B of Fig. 217 
has been derived, taking the B.O.D. of settled sewage as 190 p.p.m. (see p. 376); the difference 
between Curves A and B thus represents the large predicted effect of contamination by sewage 
and sewage effluents. 
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Fic. 217. Predicted variation in exchange coefficient with position in estuary and composition 
of water 


Hypothetical exchange coefficient of 12 cm/h in clean fresh water at 15°C 
A, effect of salinity 

B, further effect of sewage effluent 

C, further effect of surface-active matter 

D, further effect of temperature 


The curves in Fig. 208 refer to detergent-free sewage and effluent, so that further allowance 
must be made for the effects of surface-active agents. No detailed figures are available for the 
distributions of these substances during the third quarter of 1953, and recourse has been made to 
the data for the corresponding quarter of the following year, shown in Fig. 131 (p. 199). The 
further reduction in the exchange coefficient, attributable to these concentrations, has been estimated 
by interpolating in Fig. 212 (p. 379). The estimated effect of the surface-active matter is to reduce the 
exchange coefficient further—from Curve B to Curve C in Fig. 217. This estimation is by no means 
accurate since the interpolation in Fig. 212 is a rather rough procedure owing to the paucity of data 
for different concentrations of settled sewage. 

The remaining factor to be considered is temperature. The observed distribution in the third 

quarter of 1953 is shown by Curve C of Fig. 216 which has been obtained from the Laboratory’s 

data—extrapolated at the landward end by use of the L.C.C. data. Since the temperature was 
everywhere above the standard value of 15°C assumed at the beginning of this section, the adjustment 
to the observed temperature (using the coefficient of 1-6 per cent per degC derived on p. 373) 
necessarily increases the exchange coefficient. The final distribution of the exchange coefficient 
is that shown by Curve D in Fig. 217. The mean value for the whole estuary, weighted in proportion 
to the product of the observed oxygen deficiency and surface width, is found to be 5-4 cm/h which 
is approximately the same as the average exchange coefficient in the estuary (p. 366). 

The exchange coefficient of 12 cm/h in clean fresh water was approximately that attained in 
most of the experimental work in the rectangular channel where fresh water was replaced by saline 
water with or without various contaminants. It is therefore considered that these experiments are as 
relevant to conditions in the estuary as was practicable in laboratory studies. 
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COMPARISON OF OBSERVED AND CALCULATED VARIATIONS 
IN EXCHANGE COEFFICIENT IN THAMES WATER 


It is evident that the number of operations involved in deriving the final curve (D) in Fig. 217, 
the magnitude of the experimental errors, and the possibility that the experiments themselves 
are not fully relevant to conditions in the estuary, raise considerable doubt as to the validity of this 
curve. Accordingly, it was thought advisable to make some aeration experiments with water taken 
directly from the Thames Estuary. 

In one series of experiments* using the half-round channel, the rate of aeration of water from 
six points in the estuary was compared with that of tap water. It was not practicable to attain an 
exchange coefficient of 12 cm/h using tap water; the average values for three reaches of the channel 
were 1-7, 3-7, and 74 cm/h (in this fixed channel there is a steep section where high rates of aeration 
occur). In Table 151 are shown the salinity, B.O.D., and content of surface-active matter in the 
six samples of water, together with the observed and calculated overall reductions in the coefficient, 
the latter being obtained in the same way as in deriving Fig. 217. The small range of observed 
reductions (42-48 per cent) is remarkable. Considering that the calculated values are based entirely 
on experiments made in the rectangular channel with an initial exchange coefficient of about 
12 cm/h, the agreement between the observed and calculated overall reductions is as close as could 
reasonably be expected. 


Table 151. Observed reductions in rate of aeration of water flowing in half-round channel, when tap 
water was replaced by water from the estuary, compared with reductions calculated from the salinity, 
B.O.D., and concentration of surface-active matter in the estuarine water 









Position Overall reduction 







(miles 7 Surface-active | in exchange coefficient 
Source of water from Salinity matter (p.p.m. (per cent) 
London | (g/1000 g) as ‘Manoxol OT’) 
Bridge at 
half-tide) Calculated | Observed 











Teddington 0:4 38 46 
Kew 0-4 41 47 
Lambeth i? 50 45 
Dagenham 0:5 50 48 
Tilbury 0:4 55 43 
Holehaven 0-1 






The water used in these experiments was collected at various times between 19th March and 
29th April 1958 on days when the flow at Teddington varied between about 800 and 2300 m.g.d. 
The average flow during the third quarter of 1953 was only 225 m.g.d. and this difference in flows 
is no doubt the chief source of the differences between the B.O.D. figures in Fig. 216 and Table 151 
which account for the larger calculated percentage reductions in the former data. 

A single experiment was made with the rectangular channel, using water collected from 


Dagenham on Ist July 1958 (flow 941 m.g.d.). With an initial exchange coefficient of 10-8 cm/h © 


the observed reduction was found to be 50 per cent—in excellent agreement with that found for 
water from the same point passed through the half-round channel (see Table 151). 
In an earlier series of experiments, aeration of water collected from various points throughout 


the estuary in February and May 1955 (flow about 2500 m.g.d.) was studied in rectangular 


absorption vessels. Reductions between 52 and 70 per cent were obtained when the water was 
stirred, but between 25 and 43 per cent when it was further agitated by a jet of air directed at the 
water surface. 

Finally, water collected from eight points over a range of nearly 80 miles on 11th and 13th 
February 1957, and stirred in cylindrical vessels, gave reductions of 81-84 per cent. The flow at 


Teddington during this period was about 5000 m.g.d. and it seems highly improbable that the 


ee 


concentrations of contaminants were then as high as in any of the other experiments. These results 


again suggest that the reduction in exchange coefficient depends greatly on the aeration system. — 


TOTAL VARIATION IN EXCHANGE COEFFICIENT 
WITH POSITION IN ESTUARY 


The results of the experimental work indicate that the factors most likely to affect the exchange 


coefficient in the estuary are temperature, salinity, degree of pollution (including effects of surface- 


active agents), and the motion of the water. All these factors, except the last, were taken into account 
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in calculating Curve D of Fig. 217. It is found from this curve that the total range of variation in the 
exchange coefficient in the estuary could amount to 30 per cent of the average value throughout 
the estuary. 

It was very difficult to obtain any direct experimental information on this possible variation. 
At the mouth of the estuary the effects of wind and wave are, on average, greater than near the 
head, and work reported on pp. 358 and 360-364 has shown that both wind speed and wave height 
may be responsible for large changes in the exchange coefficient; consequently, it is likely that in 
the absence of contaminants the average value of the exchange coefficient in the lower reaches 
would be appreciably greater than in the upper. Although the experiments with polythene tents 
were not sufficiently distributed throughout the estuary to give any indication of variation with 
position, there was a distinct correlation between the rate of escape of oxygen from the tent to the 
water and both wind speed and wave height; since either of these factors may affect the accuracy 
of the results obtained with the tents, these results cannot be taken as conclusive, despite the fact 
that they are supported by the laboratory experiments and by experiments in a wave tank. 

Insufficient information has been obtained to establish what is the variation in the exchange 
coeflicient due to differences in the motion of the water at different points. The effects of wind 
and wave probably act in opposition to those of contaminants; it is uncertain which effects are 
greatest, and in the absence of adequate evidence to the contrary it seemed best in many of the 
calculations of the distribution of dissolved oxygen in the estuary (Chapters 17-19) to assume 
the simplest situation, namely that there is no net variation in the exchange coefficient along the 
estuary. 

The fact that satisfactory agreement can be obtained between the observed and predicted 
distributions of dissolved oxygen (Chapter 17) when the exchange coefficient is assumed to be 
constant by no means proves that it does not vary along the estuary. The calculations can be made 
only for comparatively recent quarters for which there is sufficient information about the quality 
and quantity of the discharges entering the estuary. During these periods, whenever the flow of 
fresh water has been small, there has been either an anaerobic reach or a reach where the concentra- 
tion of dissolved oxygen was everywhere less than 5 per cent saturation and where nitrate was 
probably being reduced. In these conditions the calculation of the distribution of dissolved oxygen 
is very insensitive to variations in the value of the exchange coefficient along the length of the 
estuary—provided that the coefficient is increased in some places and decreased in others in such 
a way that the total rate of solution of oxygen through the surface remains the same. When there is a 
reach of the estuary containing very little oxygen the steepness of the landward limb of the sag 
curve is determined mainly by the rate of oxidation, while at the seaward end the recovery is largely 
due to dilution with sea water; consequently, even comparatively large changes in the exchange 
coefficient at these points will not greatly affect the shape of the curve (see pp. 494-495). 


CHANGES IN DISSOLVED OXYGEN IN ESTUARY 
FOLLOWING INTRODUCTION OF HOUSEHOLD DETERGENTS 


The average value of the exchange coefficient given by Curve B of Fig. 217 (p. 383) (which takes 
account of effects of salinity and of pollution by sewage and efHuents) is 6-01 cm/h, and that given 
by Curve C (which further allows for the effects of anionic surface-active matter) 1 is 5-05 cm/h. 
Thus it is estimated that if, in the third quarter of 1953, there had been no anionic surface-active 
matter in the estuary then the average exchange coefficient should have been higher by 19 per cent. 
It may be noted that, although the concentration of surface-active agents in the estuary is lower at 
times of high flow than in the conditions to which Fig. 217 refers, the B.O.D. of the water is also 
lower and the effect attributable to a given concentration of detergents is greater; in fact, Fig. 212 
(p. 379) suggests that, if the concentrations of both settled sewage and surface-active matter are 
changed in the same ratio, the percentage reduction in the exchange coefficient, attributable to the 
surface-active matter in the presence of the sewage, is not greatly affected. Hence it 1s considered 
that the figure of 19 per cent calculated for a third quarter should not be greatly different in other 
quarters of the year. 

Now if in two particular years the average polluting load, pe oe flow, temperature, and 
surface agitation of the estuary were identical, but in only one of these years was there any anionic 
surface-active matter present, then the difference in the rate of entry of atmospheric oxygen—or more 
specifically in the expression f/{(C,—C)y dx (see p. 333)—would be a measure of the alteration in 
exchange coefficient attributable solely to the surface-active matter. Clearly, lack of identical 
conditions of polluting load and other factors before and after the introduction of significant quan- 
tities of surface-active matter to the Thames will prevent such an exact calculation being made. 
Nevertheless, by examining how the value of |(C,—C)y dx changed from before to after the 
introduction of household detergents, it is possible to assess, very roughly, the Probable effect of 
the detergents. 
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CONCENTRATION OF SURFACE-ACTIVE MATTER IN ESTUARY 


Little is known about the concentration of anionic surface-active agents in the estuary before 
the summer of 1954 to which Fig. 131 (p. 199) refers. Average values for samples taken since that 
time off Northern and Southern Outfalls by the L.C.C. are shown in ‘Table 152. The corresponding 
concentrations for the samples taken by the Laboratory in the summer of 1954 (flow at ‘Teddington 
500 m.g.d.) are seen, from Fig. 131, to have been about 1-2 p.p.m. 

Since August 1959 alkyl aryl sulphonate constituents of the household detergents distributed 
throughout the South of England have included an increasing proportion of materials which are more 
readily decomposed biologically than the alkyl aryl sulphonates previously used®. Between the first 
half of 1959 and that of 1960 the concentration of surface-active matter in several sewage effluents 
discharging to the upper reaches of the Thames Estuary or to its tributaries decreased by 40-50 per 
cent®, The main source of detergent residues affecting the average exchange coefficient, however, 
is the settled sewage and sewage effluent discharged from the L.C.C. sewage works. Analyses of 
occasional samples at Northern Outfall Sewage Works suggest that the concentration of surface- 
active agents in the crude sewage fell by only about 10 per cent from 1959 to the first five months 
of 1961; the corresponding fall in the efluents from the activated-sludge plants was about 50 per 
cent, while that for the primary effluent was between these two figures. 


Table 152. Average concentration of surface-active matter in samples 
taken at low water by London County Council off 
Northern and Southern Outfalls 


Number | Concentration of eee 
Period of surface-active Teddington 
occasions | Matter (p.p.m. (m.g.d.) 


as ‘Manoxol OT’) 








Noy. 1959 to Jan. 1960 4 (Ws7) 1900 
June 1960 1 1:4 1000 
Octiam. 1 1:7 2200 

Dec. 1960 to Mar. 1961 5 0:5 3800 

Apr. 1961 to June __,, 3 0:6 1400 

July 3 to Nov." =,, 4 0:9 300 

Dec. ,, to May 1962 6 0:7 1700 

June 1962 to Oct. _,, 5 1-0 300 

INoyal 4s, to°Dec: 3: 2 0:6 1000 











CONSUMPTION OF SURFACE-ACTIVE MATERIALS 


Before 1939 the consumption of synthetic detergents was relatively small and it is believed 
that the surface-active agents which they contained (mainly alkyl sulphates) were of a type which is 
largely destroyed during treatment of sewage by sedimentation followed by conventional secondary 
treatment by filtration or activated sludge® (it is unlikely that they would be completely removed 
by sedimentation alone). However, it is reasonable to suppose that no significant concentration of 
anionic surface-active agent derived from synthetic detergents was present in the estuary until after 
the war, when there was a rapid increase in the use of these materials and particularly of those 
containing alkyl aryl sulphonates. Unlike some of the alkyl sulphates, the original alkyl aryl 
sulphonates resisted decomposition by bio-oxidative processes. Before the introduction, from 
1959 onwards, of less resistant materials it was not uncommon to find that the concentration in 
effluents from sewage works providing both primary and secondary treatment was about half that 
in the inflowing sewage. Production and sale of these materials in the United Kingdom is thought 
to have begun about 1949; by 1951 the annual consumption had risen to about 10 800 tons and 
in 1953 it was about 25 000 tons®. The annual consumption of all types of synthetic surface-active 
materials increased®* from 13 000 tons to 35 000 tons in the same period; it had reached 45 000 
tons by 1959, and 51 000 tons by 1961. It is understood® that, by the end of 1962, the proportion 
of less resistant material being used in the United Kingdom was approaching 70 per cent. 


COMPARISON OF OBSERVED AND CALCULATED 
CHANGES IN DISSOLVED OXYGEN 


Variations in the quarterly averages of [(C,—C)y dx, or the rate of entry of oxygen expressed 
in tons/day for each cm/h of the average exchange coefficient, were shown for 1950-54 in Fig. 189 
(p. 334). Adding together the data for the two parts of this diagram gives the total figures for the 
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whole estuary from Teddington Weir to 424 miles below London Bridge. These totals are shown 
in Fig. 218 which also includes the corresponding results for 1946-49. It is clearly impossible to 
derive an exact figure for the change in this factor following the introduction of alkyl aryl sulphonates 
in about 1949. However, the average value for 1946-48 is 103, and for 1951-54 is 120 tons/day 
per cm/h; to account for this change solely by a reduction in the exchange coefficient (that is 
assuming the polluting load discharged to the estuary to have been the same in both periods), 
the exchange coefficient would have had to be 17 per cent higher in the earlier period. This is in good 
agreement with the figure of 19 per cent derived on p. 385. The close agreement is no doubt partly 
fortuitous; nevertheless, it may be concluded that there is no reason to disbelieve that the marked 
deterioration in the condition of the estuary around 1950 (see, for example, Fig. 84(a), p. 158) 
was the result of a reduction in the exchange coefficient and that this reduction was attributable 
to the increase in use of alkyl aryl sulphonates. 
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Fic. 218. Quarterly and yearly average rates of entry of atmospheric oxygen to estuary from Teddington 
to Southend, for each cm/h of average exchange coefficient 


OTHER EFFECTS OF DETERGENTS 


Detergents may have other effects on the distribution of dissolved oxygen in addition to the 
effect on the exchange coefficient, and it is perhaps best to consider these effects at this point. 

It was reported that the amount of suspended matter in the water of the Thames Estuary had 
increased visibly during the ten years up to 1960, and it seemed possible that this might have been 
related to the gradual increase in the concentration of residual anionic surface-active matter which 
took place over the same period. The possible magnitude of any such effect, which could clearly be 
of consequence in determining the present condition of the estuary, has been examined atthe 
Laboratory. The effect of the presence of an anionic surface-active agent—sodium tetrapropylene 
benzene sulphonate—of the type present in packaged household detergents, on the rate of settling 
of mud under quiescent conditions, and on the concentration of suspended mud in water agitated 
intermittently in such a way as to simulate the action of the tide in the estuary, have been studied. 

Mud and estuary water for the tests were collected from near the confluence of the Crouch and 
Roach Estuaries in Essex, the water in this area being thought to be reasonably free from contamina- 
tion by sewage effluent; it contained less than 0-1 p.p.m. anionic surface-active agent. 

It was found that the addition to estuary water, containing suspended mud, of concentrations 
of anionic surface-active agent similar to those present in the middle of the polluted region in the 
Thames Estuary, tended to reduce slightly the rate of settling of the suspended matter under 
quiescent conditions. The experimental evidence was not sufficiently precise to establish definitely 
whether the introduction of similar concentrations of anionic surface-active matter affected the 
average concentration of suspended matter in estuary water subjected to intermittent agitation. It is 
also not possible to draw any firm conclusion regarding the effect of anionic detergents on the 
concentration of suspended matter in the estuary itself. 

The possibility that the rate of oxidation of suspended matter is affected by adsorption of 
surface-active substances has also been cursorily examined; no significant effect was found, but the 
variability in the experimental results was large. 
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CHAPTER 14 
Tidal Mixing 


If an effluent is discharged to a fresh-water stream where it mixes with water flowing in one 
direction only, its dilution at a given distance from the point of discharge can readily be calculated. 
The concentration of any component being oxidized at a known rate can also be found, and 
consequently, if the rate of re-oxygenation from the air is known, and if all the constituents of the 
effluent remain in solution or in suspension, it is possible to predict the effect of the effluent on 
the content of dissolved oxygen in the stream. Not only can the condition of the water be related 
to the amounts and nature of the discharges, but also the effects of possible changes can be predicted!. 

To make similar calculations for an estuary—where the movement of the water is so much 
more complicated—it is necessary to have a suitable mathematical model to represent the mixing 
and movement of the water; the models previously adopted by other workers do not appear to 
represent adequately the mixing process in the Thames. 

Estuaries may be divided into four types according to the degree of vertical mixing?: in ‘vertically 
mixed estuaries’ there is no measurable difference in the salinity between the water near the surface 
and that near the bed; in ‘slightly stratified estuaries’ this salinity difference is measurable but 
small; in ‘highly stratified estuaries’ the difference is large and often there is no fresh water near 
the bed; and in ‘salt-wedge estuaries’ the sea water intrudes like a wedge under the fresh water. 

The Thames is a slightly stratified estuary. At slack water there is little difference between 
the salinity of the water at the surface and that near the bed (Table 3, p. 18, and Fig. 15, p. 17) 
or between the salinity in mid-stream and that near the banks. 

However, during the run of the tide there are measurable differences between the salinities 
in the most rapid currents near the centre and those in the slowly moving water near the sides 
and bottom. During the flood tide the salinity in mid-stream is greater than near the sides, but during 
the ebb it is less. This may be seen from Fig. 219 which shows the results of some chloride 
measurements made at three points across the estuary at each of five bridges. Samples were taken 
at half-depth in the middle (M) and near the north (N) and south (S) banks. Except at Albert 
Bridge the N and S samples were taken from the middle of the outermost spans (there are seven — 
spans at Westminster and five at each of the others); at Albert Bridge the corresponding sampling 
points were about a sixth of the way across at high water. Successive curves in each part of Fig. 219 
refer to conditions at intervals of 30 min; although the samples were not taken simultaneously 
at each of the three sampling positions it was possible to interpolate to any particular time with a — 
fair degree of certainty. (The same data were shown in a different way in Fig. 16, p. 20.) During 
the run of the tide, the difference in salinity between water in mid-stream and that near the side 
may correspond to a horizontal distance of a few miles—in each section of Fig. 219 the distance 
equivalent to the difference between the high-water and low-water chloride values is roughly 
8 miles. 

Such salinity differences must, to some extent, be typical of all estuaries. Intense lateral mixing 
would be required for the salinity to be constant over a cross-section during the run of the tide. 
That lateral mixing is not rapid enough for conditions over a cross-section to be constant is typical 
not only of estuaries but also of rivers where differences in temperature or colour between the 
centre and the sides may not be removed by lateral mixing for many miles. Differences in temperature 
and dissolved oxygen between the sides and the centre in the Thames Estuary, caused by the 
discharge of heated water near the banks, persist for several miles above and below the point of 
discharge (see pp. 434-437 and 172 respectively). 

At slack water not only is the salinity approximately constant over a cross-section, but there is 
little variation in the concentrations of other dissolved substances such as oxygen (though there 
may be large differences in the concentration of suspended matter) and even during the run of the 
tide the variations between the centre and sides are generally not large, so that the average 
concentrations may be reasonably represented by those found in samples taken in mid-stream. 
For most purposes the mixing and movement of water can thus be treated as a problem in one 
dimension, the average concentration of any dissolved substance over the cross-section being 
expressed as a function of distance along the estuary. This can be done only in vertically mixed or 
slightly stratified estuaries and consequently the theory which will be developed applies to these 
types only. 

It is reasonable to suppose that the longitudinal mixing of the water is greater for spring tides 
than for neaps, and thus varies systematically with a period of half a lunar month. In the present 
investigation the consideration of such variations was precluded by the complexities of the calculations 
which are described later and which refer only to average tidal conditions. 
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Fic. 219. Variations in chloride content of Thames water with time and with position in cross-section 
(M is in middle, N and S are near north and south banks respectively) at five bridges in 1954 


Numbered curves in each section of diagram are for successive half-hourly intervals 
(a) London Bridge, Curve 1, 19 min before predicted local low water 
(b) Westminster Bridge (1-9 miles above London Bridge), Curve 1, 41 min before predicted local high water 
(c) Vauxhall Bridge (2-8 miles above London Bridge), Curve 1, 2 min before predicted local high water 
(d) Albert Bridge (4-7 miles above London Bridge), Curve 1, 2 h 21 min before predicted local low water 
(e) Putney Bridge (7-4 miles above London Bridge), Curve 1, 2 h 35 min before predicted local low water 


Estuaries with small vertical salinity gradients have been studied by Pillsbury? who considered 
the relations between flow and cross-sectional area in an estuary in equilibrium—no deposition or 
erosion occurring. The width of such an estuary tends to increase exponentially towards the sea 
and the tidal excursion to be constant, except near the head of the estuary; that the Thames approxi- 
mates to this type may be seen from Figs. 1(a) and 7 (pp. 5 and 10). 
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THEORIES OF ESTUARINE MIXING 


During recent years much work on estuarine mixing has been done, mostly in American 
laboratories. Two types of theory have been developed: one type, proposed by Ketchum+, considers 
only the volumes of sections of the estuary at high and low water, no allowance being made for the 
possibility of different amounts of mixing in different estuaries or in different parts of one estuary; 
the other, developed by a number of authors, attempts to represent the mixing by a simple 
differential equation having a single coefhcient which depends on position and is determined 
from observed salinity distributions. Neither type of theory appears to be applicable to the Thames 
Estuary. 


KETCHUM S31 Hn ORYy 


Ketchum‘ divides an estuary into segments such that the length of each is equal to the average 
excursion of a particle of water on the flood tide. The position of the landward boundary of the 
first segment is determined by the river flow and the cross-sectional areas at high and low water. 
In one paper* he considers the mixing process may be represented by assuming that, during each 
tidal cycle, the water is completely mixed within each segment at high water, and that there is an 
exchange of water between adjacent segments during the ebb—the amount of water removed 
from a segment being given by the ratio of the difference between the volumes of the segment at 
high and low water to the volume at high water. 

The final equations express the proportion of fresh water in each segment solely in terms of the 
river flow and the volumes of the segments at high and low water. However, these equations do 
not follow rigidly from the theoretical model and, although the method has the very considerable 
merit of simplicity, this concept of tidal mixing is undoubtedly over-simplified, and it is evident 
that the theory is unlikely to be applicable to all estuaries even though it has been used successfully 
in particular cases. It is sufficient here to indicate that it cannot be used in the case of the Thames 
Estuary. Ketchum found that his method did not apply to the Delaware Estuary, and he was not 
surprised to learn that it did not apply to the Thames’. 

In Fig. 220 the continuous curve shows the approximate observed equilibrium distribution of 
salinity for a flow at Teddington of 1500 m.g.d. (derived from several years’ records of the London 
County Council), and the broken curve 1s the distribution calculated (for average tidal conditions) 
by means of Ketchum’s theory. There is a similar disparity between the observed and calculated 
distributions for flows of 500 and 3000 m.g.d. 
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Fic. 220. Equilibrium distribution of salinity in Thames 
Estuary when flow at Teddington is 1500 m.g.d. 


(A) Observed 
(B) Calculated using Ketchum’s representation of mixing 


OTHER THEORIES 


Various attempts ®—!6 to represent mixing by a simple differential equation are substantially 
similar in principle, and differ only in the assumptions made to simplify the equations, and in the 
approximations used to obtain numerical solutions. The criticism which follows is one of fundamentals 
rather than of detail; it will be shown that, in general, a simple differential equation cannot 
adequately represent mixing in an estuary. . 
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Derivation of simple differential equation 


The treatment of the problem usually starts with the general equation for the rate of change in 
concentration of a dissolved substance at any point in an estuary: 


oC Oa oC 0 oC 0 oC oC oC oC 
= —|E, Ewe) hee ee 1 ee a hai 
at 7 | se) + oy (Br a5) tae # ae) (ese + v5 + een) au 
where C is the concentration, at time ¢, at the point where the longitudinal, lateral, and vertical 
co-ordinates, eddy diffusivities, and velocity components, are x, y, z, and E,, E,, E,, and v,, v,, v; 
respectively. 
If an estuary is not stratified, or is only slightly stratified, so that a single salinity figure may be 


considered to be representative of a complete cross-section, it is argued that the terms involving 
the lateral and vertical components in Equation 122 may be neglected; the equation then reduces to 


CC ud dC dC 
Be SS (Gr or 
dt Al a) oe hs 
which thus represents the rate of change in the mean concentration at any particular cross-section. 
Basically, Equation 122 is justifiable, in that it is deduced from the definition of eddy diffusivity. 
However, since the general turbulence of the water in an estuary is much greater during the run 
of the tide than at slack water, the eddy diffusivities as well as the velocity components must be 
functions of time. It is not practicable to obtain data for the eddy diffusivities at each moment of 
the tidal cycle and therefore average values must be used. 
Equations 122 and 123 can thus be used only in calculating changes in concentration from one 


tide to the next, or in calculating the equilibrium distribution. It will now be shown to what extent 
an equation such as Equation 123 may be in error. 





(123) 


Alternative derivation 


The net transfer of a substance through a cross-section of an estuary during the time of one tide 
depends only on the concentrations of the substance within the range of the maximum distance 
of tidal flow; this distance may amount to several miles—in the Thames the average tidal excursion 
is 8-9 miles over most of the estuary (Fig. 7, p. 10) and the maximum distance is appreciably 
greater. Ihe concentration C, at a distance x from a cross-section where the concentration is Co, 
can in many cases be represented, without great inaccuracy, by a Maclaurin series; thus 


dC NeieG weiaeG: 
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where the subscripts indicate that the differentials refer to the values at the cross-section. This 
series may or may not converge rapidly. 

Some substances which are discharged to the Thames are rapidly destroyed, and the maximum 
concentration of such a substance is near the point of discharge. ‘The concentrations may decrease 
rapidly on either side of the maximum. In such cases, if the higher-order terms are neglected in 
evaluating the series, the results may be greatly in error. 

During the finite time At (such as one tidal cycle) there is an exchange of water between the 
parts of the estuary on each side of the cross-section. If, from an element of the estuary, of length 6x, 
a distance x seaward of the cross-section, the proportion of water passing through the cross-section 
in a landward direction, per unit time, is p, (so that p, is negative for points upstream), the mass 
of the substance transferred will be p,AC dx At, where A is the area of the cross-section and C the 
concentration in the element 5x. The total amount transferred from all elements will be 





+0 
AM = At| p,AC dx. (125) 


Although infinite limits are shown for the integral, p, will be zero beyond the most distant points 
from which water reaches the position x in the time Az; the same limits apply to the integrals in 
Equations 126-128. 


Since the net transport of water past any point by mixing is zero, it follows that, 
at| pA dx =\0). (126) 
Multiplying this equation by Cy, and subtracting from Equation 125, gives, 
AM = atl p.A(C~C) dx . (127) 


If the concentrations are given accurately by Equation 124, values for C may be substituted in 
Equation 127 to give, 
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2 2 3 3 
AM = At{ | Apa o(F). dx + [Ares ae), d+ | Apes; (oa =), mete cos (128) 


or 

AM dC Ce FG 

mete m(S-)_ + ma(Ser) + ma(Ses) + Ari (129) 
where m,, My, Ms,...are constants at any particular point for given conditions of tidal and 


land-water flow. It is likely that the values of these coefficients will change continuously along the 
estuary, and that in the middle and lower reaches they will not be greatly affected by changes 
in the land-water flow; if, in addition, they did not alter much between spring and neap tides 
it might be reasonable to work with a single set of values for m at each point—particularly when 
considering equilibrium distributions. 

If this transfer is to be represented by a differential equation it is necessary that AJ//At can be 
replaced by dM/dt. But At, as a representative time, must be a whole number of tidal cycles, and 
unless it is so short that only small changes take place during this time it is not permissible to proceed 
to the limit dM/dt. (The situation is similar to that found in the kinetic theory of gases: at ordinary 
pressures—where the mean free period between molecular collisions is short compared with the 
time between collisions of the molecules with the walls of the containing vessel—differentiation of 
mass transfer with respect to time is permissible; but at low pressures—where these times are 
comparable—such treatment is not possible.) In the ‘Thames Estuary the shortest period that 
At can represent is one tidal period (or over 12h), and in general this is too long to justify 
differentiation with respect to time. 

Even if it were permissible to replace AM/At by dM/dt, Equation 129 could not be applied 
until it had been reduced to a finite number of terms by showing that all the terms after a certain 
number were negligible, and until the values of the remaining coefficients had been derived. This 
would undoubtedly necessitate a great deal of field work (probably requiring the use of radioactive 
or other tracers) over wide ranges of land-water and tidal flow. If the second and higher differentials 
can be neglected, the equation reduces to 
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which represents the movement of a substance by mixing alone without SER Ea due to the 
entry of land water. If O is the rate of entry of land water upstream of the cross-section being 
considered, the net rate of transfer through the section will be 
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‘The rate of change in concentration may be written as 
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where A is the cross-sectional area, so that (from Equations 130-132) | 
an OT a dC O dC 
= — iss 
ar al a) A’ dx (19 


Thus an alternative form of Equation 123 is reached by a different route—and one which shows 
that assumptions with regard to continuity and differentiability have to be made, and that second 
and higher differentials are neglected. 


Limitations of simple differential equation 
At equilibrium there is no net transfer of saline water through any cross-section. Thus, if C 
and M in Equations 130 and 131 refer to the salt content of the water, dM’ /dt = 0, and 


OCr= tm, ee (134) | 


Consequently, if the equilibrium salinities for a particular fresh-water flow are known, the values 
of m, may be calculated for different points in the estuary. In the neighbourhood of 25 miles below — 
London Bridge the salinity changes almost linearly with distance (Fig. 17, p. 20); this is true even 
at the extreme flows shown in Fig. 20 (p. 23). At this point the value of m, given by Equation 134 
(which was derived by neglecting the second and higher-order differentials) should not vary greatly 
with flow. Values of m, have been calculated from salinity-distance curves for flows at Teddington 
of 170, 500, 1500, and 3000 m.g.d., using the curves shown in Fig. 12 (p. 14) to obtain the values” 
of Q; the relative values found for m, were 10, 12, 15, and 20 respectively. 
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At the upper end of the estuary the salinity is by no means a linear function of distance so that 
the second differential is no longer small. The relative values for m, at the same four flows, 5 miles 
below London Bridge, were found to be 10, 12, 22, and 52 respectively. This shows the order of 
magnitude of the errors which may be introduced when the second and higher-order differentials 
are neglected. 

Although in that part of an estuary where the salinity varies almost linearly with distance, 
the equilibrium salinities might be calculated without great inaccuracy by means of Equations 123 
or 133, it does not follow that the concentration of a substance discharged to the estuary, and having 
a non-linear distribution, could be calculated by this method. It is perhaps significant that Kent 
found it necessary to use two values of the eddy diffusivity at any point—one for salt and the other 
for a discharged pollutant. The ratio of the two diffusivities is defined as that of the spatial extents 
of the pollutant and salt distributions. 

It is concluded that first-order differential equations must, in general, be inadequate. 

The amount of substance per unit length of estuary is CA, and it might be thought possible to 
represent the mixing by the equation 


dM‘ (CA) 
weaed dhe Cte 


However, it is found that if it is the water itself that is considered, so that C may be regarded as 
unity, this equation reduces to 





(135) 


dM dA 


which is not zero (since A is a function of x) and consequently there would be a net transfer of water 
along the estuary by mixing alone. 


THE PROCESS OF MIXING 


It was shown in Fig. 7 (p. 10) that throughout the greater part of the Thames Estuary the 
average length of the tidal flow is between 8 and 9 miles. On the flood tide this flow is opposed 
by that of the fresh water entering at Teddington, and at some position in the estuary the rate 
of flow of fresh water is equal to the maximum rate of tidal flow; above this point the direction of 
flow of the water is towards the sea throughout the tidal cycle—although the level rises and falls 
with the tide. The position of this point varies greatly with the discharge of the Upper Thames, 
but it always lies upstream of London Bridge. 

During the run of the tide, the water of the fastest currents is carried ahead of (but is continually 
mixing with) the water which it is overtaking, and, if the mixing is rapid, differences in concentration 
of soluble substances between the different currents will be slight; rapid lateral and vertical mixing 
thus reduce the longitudinal mixing. During the flood tide (as already mentioned) the salinity in 
the Thames varies over the cross-section, and the salinity in the fastest currents may be the same as 
that of the water near the sides and bed a few miles downstream. Around slack water, the water 
which has been carried farthest continues to mix with the surrounding water. As the tide ebbs 
and the water moves downstream again, the flow pattern may be somewhat different from that 
found on the flood, so that the fastest current occurs at a different point in the cross-section and 
the water which had previously travelled farthest along the estuary may be left behind. 


DISPERSAL OF WATER DURING ONE TIDAL CYCLE 


The movement of water along the estuary may be regarded as the result of three simultaneous 
processes: displacement due to the land-water flow, tidal oscillation, and dispersal by mixing. 
Consider the movement of unit mass of water initially present between two cross-sections of the 
estuary very close together, and let the point O in Fig. 221 (a or b) be midway between these sections. 
After a period of one tidal cycle this water will have returned to the same place, except in so far as 
it has been displaced toward the sea by the flow of land water and has been spread out by mixing. 
For the present, the effect of the land-water displacement will be neglected and the water will have 
then become dispersed about O in some such way as shown by Fig. 221. The dispersion curve cannot 
extend beyond the limits of the length of flow of the fastest currents during the tidal cycle and only 
a small proportion of the water will be found beyond the mean distance of flow. Such a dispersion 
curve exists for every point along the estuary, though the curves about different points are unlikely 
to be identical and will also vary from one tide to another. The dispersal of the water by mixing 
depends on many factors including turbulence, wind, waves, shipping, obstacles, the effects of 
dredging, the range of each particular tide, the nature of the bed, and the configuration of the 
estuary (see also p. 19). 
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Fic. 221. Possible distribution of unit mass of water initially at O by mixing during one tidal cycle in an estuary 


In the Thames Estuary the cross-sectional area increases rapidly in the seaward direction 
(Fig. 1(c), p. 5), but the length of tidal flow varies little throughout almost the whole of the estuary 
(Fig. 7, p. 10). The flow of the water, as found by using current meters, by following floating objects, 
or by measuring salinities, does not appear to vary greatly in different parts of the estuary. It is 
extremely unlikely that water from one point will be distributed over a distance of many miles 
during the time of one tide, while that from another point is distributed over only a relatively 
short distance so that most of it remains close to the place from which it started. All the evidence 
suggests that the longitudinal mixing in the lower reaches is at least as great as that in the upper 
reaches. 


ASYMMETRY OF MIXING 


The mixing process continually tends to produce more uniform concentrations of any substance 
in the water. Soluble substances introduced into an estuary will spread out in all directions because 
of mixing. In estuaries of constant or nearly constant area of cross-section, such as some fjords, 
it is possible that a discharged substance would be dispersed equally in each direction, so that, 
at first, its centre of gravity would not move in the absence of any land-water flow. The substance 
might continue to spread equally until part of it reached the head of the estuary and could proceed 
no further; its centre of gravity would then start to move seawards. 


There is no a priori reason for assuming that mixing alone—that is movement which is additional — 


to the displacement due to land-water flow—is symmetric. It will be demonstrated that in at least 
some parts of the estuary, the mixing must be asymmetric and that even in the absence of land-water 
flow the centre of gravity of any discharged soluble substance must move seaward. 

Let the water initially present within a short distance 5x of A or B in Fig. 222 be dispersed 
according to any symmetric distribution during the time of the next tide (Curves a and b). If B is 
seaward of A, the cross-sectional area at B will normally be greater than that at A, and the volume 
of water within 6x of B will be greater than that within 6x of A. Consequently the area under 
Curve b must be greater than the area under Curve a. Now, if the degree of mixing at B is as great 
as that at A (or the water from each point is dispersed equally over the same distances), then the 
amount of water passing upstream of C (the mid-point of AB) from B will be greater than that 
passing downstream of C from A. This will be true for all other pairs of points of which C is the 
centre, and therefore, if the mixing were symmetric, and if the amount of mixing were the same 
in all parts of the estuary, water would be carried upstream of C by mixing alone and the water 
level above C would rise. 

The cross-sectional area of the Thames Estuary roughly doubles for each 10 miles downstream 
(Fig. I(c), p. 5): hence if A and B were 10 miles apart, the degree of mixing at B would be approxi- 
mately half that at A in order that there should be no net transport of water. As the estuary is about 
70 miles long, the degree of mixing in the lower reaches would have to be very small if all the mixing 
were symmetric. By observation this is untrue, and therefore at least some of the distribution 
curves are asymmetric. Later calculations indicate that the mixing at all points in the estuary is 
asymmetric and must be of some such type as shown in Fig. 223(a) where each curve is asymmetric 
and there is no net transport of water by mixing past any point, P. At the seaward boundary the 
transport of water out of the estuary is balanced by an influx of sea water. 

‘The amount of water passing upstream through any cross-section, due to mixing alone, is equal 
to the amount passing downstream. Nevertheless, the centre of gravity of the water which, at the 
start of a tidal cycle, is at a given point in the estuary may move towards the sea during the period 
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of one tide. This is, perhaps, shown more clearly by Fig. 223(b) where the area of each rectangle 
bounded by continuous lines (indicated by the unringed number written within it) is proportional 
to the volume of water present in the segment at a particular instant in the tidal cycle. One tide later, 
the volumes represented by the numbers above the upper row of arrows have been displaced into 
the next segment seawards by mixing, the volumes represented by the numbers above the lower set 
of arrows have been displaced upstream, and those indicated by the ringed numbers have remained 
within the segment. The final volume in each segment is seen to be the same as the initial volume— 
there is therefore no net transport of water across any of the segment boundaries. However, the 
centre of gravity of the water initially present in each of the first three segments has moved 
downstream—and this is qualitatively the type of movement associated with the curves in Fig. 223(a). 
The figures relating to the most seaward segment of Fig. 223(b) show that a net landward movement 
of the centre of gravity can occur from a segment adjacent to one where there is a net seaward 
movement—this situation may arise in estuaries (such as the Mersey) where there is a reduction 
in the cross-sectional area on proceeding downstream. 
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Fic. 222. Distribution, after a given period, of water initially at A and B 
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Fic. 223. Examples showing how asymmetric mixing can cause no net transport of water 
past any point 


(a) Curves show distribution, after one tide, of water initially at S. P is half way between successive points S 
(b) Discussed in text 


Any displacement due to mixing is additional to the displacement caused by the land-water flow 
and greatly reduces the mean period of retention of substances within the estuary. Its relative effect 
is greatest in the seaward reaches where the volume of the estuary is large and where the land-water 
displacement is small. 

A seaward displacement due to mixing has been found in models of estuaries. Kent!® terms the 
difference between the measured displacement and that due to the flow of fresh water alone as a 
‘flushing anomaly’. 

Direct measurement of the dispersion curves for the estuary is not practicable. Thus for example, 
if radioactive tracers were to be used it would be necessary to introduce the active material at many 
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different places at different states of the tide, and the experiments would have to be repeated for all 
types of tide and for a wide range of values of the fresh-water flow. 


DISPERSAL DURING SUCCESSIVE ‘TIDAL CYCLES 


The water which has been dispersed during one tidal cycle will, during the next tide, be further 
dispersed according to the distributions appropriate to the positions reached after the first tide. 

The most important characteristics of each distribution are the mean displacement (the net 
distance the centre of gravity moves from its original position during the course of one tide) and the 
dispersion which is measured by the standard deviation of the distribution; in mathematical terms 
these parameters are the first and second moments of the distribution. 

Provided that both the first and second moments of two distributions chesen to represent the 
mixing of the water from any particular point during one tide are the same for each distribution, 
and that the general forms of these distributions—as given by the third and fourth moments 
(which are measures of skewness and kurtosis respectively)—are not very different, then the 
calculated distributions after a number of tidal cycles will not differ greatly. This may be seen in 
Fig. 224 where three types of symmetric curves are compared after periods of 1, 2, and 3 tides. 
Thus if the water were mixed repeatedly in ways represented by various dispersion curves, differing 
in detail but with the same second moments (the odd-numbered moments all being zero for 
symmetric distributions), the movement during a long period would be almost identical. In general, 
a simplified form of the dispersion curves with only two arbitrary constants—corresponding to the 
first and second moments—can be taken, and the constants calculated so that repeated mixing is 
almost the same as the actual mixing in the estuary. 





2 Tides 





3 Tides 


Fic. 224. Distribution of water after 1, 2, and 3 tides using three representations of symmetric 
mixing, each with same second moment 


CONCLUSIONS ON NATURE OF TIDAL MIXING 


It is convenient at this point to summarize the conclusions that have so far been reached about 
the nature of tidal mixing and its representation. 

1. The movement of water in the estuary can be regarded as the result of three processes 
taking place simultaneously: seaward displacement by land water, oscillation due to 
tidal flow, and mixing between water of adjacent sections. 

2. During one tidal cycle there is probably little mixing between the water from two regions 

separated by a distance greater than the average tidal excursion. 

The mixing is not symmetric and its amount depends on position in the estuary. 

The mixing cannot be adequately expressed by a first-order differential equation. 

. The mixing can be represented in many ways, all of which are essentially equivalent if the 
first and second moments of the distributions are substantially the same and if the mixing 
is repeated a number of times. 

6. It is impossible to calculate the true distribution curves from existing data, and 

impracticable to determine them experimentally. 


Mo 
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REPRESENTATION OF MIXING IN THAMES ESTUARY 


Since the detailed shape of the dispersion curves cannot be calculated, it is necessary to represent 
them in some simplified manner which, after repeated application for a number of tides, is essentially 
equivalent to the actual mixing in the estuary. It is shown on p. 400 that two conditions have to be 
satisfied at every point along the estuary; consequently, the mixing at each point must be represented 
in some way using two, and only two, arbitrary constants. Many types of distribution might be used. 

Consider unit mass of water, initially present within a short distance of O in Fig. 225; after one 
tidal cycle the particles from this body of water are likely to be distributed over some miles upstream 
and downstream of O. The three distributions shown in the diagram are possible representations 
of the amount of this water present, per unit length of estuary, at the end of the tidal cycle; the 
symbols show the total proportion of the unit mass lying in each segment. It is emphasized that 
there is no suggestion that any of these curves is believed to be very similar to the actual distribution 
after one tide, but that on successive application over a number of tidal cycles they may give a 
distribution curve approximating to the true one (see also Fig. 224). 
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Fic. 225. Possible representation of asymmetric mixing of unit mass of water initially at O involving two 


arbitrary constants 


In Fig. 225(a) the water is distributed throughout a distance L,+ JZ, in such a way that the 
amount per unit length is constant; the two arbitrary constants to be evaluated are L, and Ly. 
This would be a reasonable representation to try if the mixing were thought to be so intense that 
the water initially at O was dispersed almost uniformly through the tidal excursion, but if mixing 
were slight, and a large proportion of the water remained at O or returned to the vicinity of it, 
this would not be a satisfactory representation, because only after a large number of tidal cycles 
would the calculated distribution of, for instance, an efHuent approach the true distribution. 

In Fig. 225(b) the water is distributed throughout a distance 2L about O as centre, but the 
distribution is not uniform. A proportion P moves seaward and the remaining proportion (1—P) 
moves upstream. Each proportion is distributed linearly with distance from O, and the arbitrary 
constants to be found are P and L. 

In Fig. 225(c) the length ZL is not one of the arbitrary constants which change from point to 
point in the estuary and require evaluation, but is chosen to be some convenient length rather less 
than the average tidal excursion. P, is the proportion of the water originally at O that mixes uniformly 
over the distance Z seaward of O during one tidal cycle so that the amount per unit length is constant, 
and P, the corresponding proportion mixing uniformly over the same distance upstream. The 
remaining proportion (1—P,—P,) remains at, or returns to the immediate vicinity of, O. This is 
clearly a much more flexible representation than that shown in Fig. 225(a) since if the water were 
completely mixed, a fair representation would be obtained with P,+P, equal to unity, while if 
there were no mixing the required lack of dispersion would be given with both P, and P, equal 
to zero. Choosing the length LZ to be some constant value equal to a whole number of miles 
(if subsequent calculations are made in these units) reduces the labour involved when applying the 
mixing constants obtained. 

The mixing could, of course, be represented in other ways which would be substantially 
equivalent for repeated mixing but would give different values for the mixing constants. However, 
it is important to choose a representation giving a distribution that is as close as possible to the 
true one after only a few tidal cycles—and one which is not too cumbersome to manipulate. For these 
and other reasons the representation shown in Fig. 225(c) was selected. 

The distribution of Fig. 225(c) was discussed for a mixing interval of one tide, but it might 
equally have represented the mixing during any integral number of tides. The value of L must be 


400 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


selected according to the time interval; it varies approximately with the square root of the number of 
tides. It is clear that P,; +P, must not exceed unity: if for a particular value of L, this sum were 
found to be greater than one, there would be more mixing than it is possible to represent with the 
chosen value of L, and it would be necessary to take a greater value of L and to recalculate the mixing 
constants P, and P,. On the other hand, if the calculated values of P, and P, were exceedingly 
small throughout the estuary, it would be highly probable that the actual mixing was confined 
within a distance much less than the selected value of L, and that L should be reduced and P, and 
P, recalculated. For the Thames Estuary values of 6 and 9 miles were chosen for L for periods 
of 1 and 2 tides respectively; in all cases sensible values of P, and P, were obtained. 


EQUATIONS RELATING MIXING CONSTANTS TO OBSERVABLE DATA 


It was mentioned above that there were two conditions to be satisfied at every point in the 
estuary, and it was for this reason that a distribution with two arbitrary constants was chosen. 
One condition is that during any particular period the net amount of salt passing upstream through 
any cross-section is equal to the total amount above the section at the end of the time, less the 
amount at the beginning, and less the amount discharged into the estuary above the section during 
this time. The other condition is that there is no net transfer of water through any cross-section by 
mixing alone (the volume of land water entering the estuary is allowed for in the displacement of 
the water towards the sea and is additional to mixing); hence the values of P;, P,, and L must be 
such that mixing alone does not cause a net flow of water either upstream or downstream past 
any point, although any particular body of water in the estuary probably has a net seaward movement 
owing to the asymmetry of mixing. 

Consider the movement of water about the point O in Fig. 226(a). Let 7 be the time interval 
for which mixing is represented by Fig. 225(c); during this time, salt in the water in the neighbourhood 
of O will be carried past O by mixing; from a section between distances / and ]+ 61 seaward of O 
the amount will be (1 —//L)SAP,6/, where S (the salinity), A (the cross-sectional area), and P, refer 
to average conditions in the section, and are consequently functions of position in the estuary. 
During x intervals of time 7 the amount of salt from this section carried past O by mixing is 


L-Tl 


Zr él. 


(=S)AP, 





It is convenient to simplify this expression by replacing (XS) by 2S, where S is the average salt 
concentration during the time mr. 
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Fic. 226. Representation of transfer of water across a section of estuary at O from unit mass initiall 
contained in 6] 


The total amount carried upstream past O during nz is 
a ees 
| SAPJL—I)dl. 
0 


For negative values of / numerically less than L (Fig. 226(b)) there will be a corresponding transfer 
of salt downstream amounting to 


0 
we | SAP(L+)dl, 
j bd) 1 
and the net transfer past O by mixing is given by the difference between these two terms. 
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During the same time, m7, salt will also be carried seaward by the land-water flow, the amount 
transferred being X(QS) or nQS, where Q is the total discharge above O in one interval + and OS 
is the mean value of the product QS during nr. 

If the total weight of salt discharged into the estuary above O during nz is Wy, and if the weight 
of salt in this section at the end of the period exceeds the amount at the beginning by AW, then to 
satisfy the first of the two conditions stated above, it is necessary that 





af. SAP(L—1)dl — on SAP\(L+1dl| LOS AW (137) 

Putting AP, equal to X, and AP, equal to Y, and dividing through by , Equation 137 then becomes 
i{f sve-pai = jy. SX(L+1 all = OS + (AW W,). (138) 

The second condition required in the evaluation of P, and P, may be expressed by the equation 
[va-na-[ xe+pai=o. (139) 


Equations 138 and 139 apply to every point in the estuary and are sufficient to determine the 
values of X and Y (and hence of P, and P,) for a given value of L once the values of the other 
variables are known. 


SOURCES OF DATA 


The period chosen for the evaluation of the mixing proportions was 1st January to 18th December 
1948. The salinity data were those obtained by the London County Council in the course of routine 
sampling and analysis of the water of the estuary, at about 20 stations, at intervals varying (for 
different stations) from twice a day to once a fortnight. The positions of the individual samples 
were adjusted to half-tide (pp. 7-8) and suitably averaged. The total land-water flow at points 
throughout the estuary was estimated in the way described on p. 14. Cross-sectional areas were 
obtained from data supplied by the Port of London Authority (Fig. 1(c), p. 5). 

It was found that the value of AW/n was so small that it could be neglected in comparison 
with the other terms of Equation 138. Seaward of London Bridge, W, (the total addition of salt to 
the estuary above the point considered) could also be neglected; insufficient information was 
available to estimate W, to the required degree of accuracy in the uppermost reaches and the 
mixing constants used later (Table 155, p. 419) were obtained by extrapolation. 


SOLUTION OF EQUATIONS 


There is no algebraic solution of Equations 138 and 139, which therefore have to be solved 
numerically by successive approximation. Nowadays, of course, the equations would be solved by 
means of an electronic computer. When (in 1950-51) the mixing constants were evaluated for the 
Thames, they were obtained by the methods described below. 

Consider three points in the estuary separated by distances equal to the mixing length L, 
and let the values of X and Y at these points be indicated by the use of the subscripts _,, 9, 1 
in order seaward. As a first approximation (but only as a first approximation) X, Y, and S may be 
considered as linear functions of distance within the range of the mixing length L, so that their 
values at a distance / seaward of the middle point will be: 


when em =< 0, X = X, — (X_1—-Xp)l/L; (140) 
when Nea aE ie Y= Y,+(Y,-—Y,)l/L; ahah) 
and when Pers L, S= S,+ cl, (142) 


where S, and c are constant within the range specified. oy, Bick 
Substituting in Equations 138 and 139, neglecting the term (AW— W,)/n, and simplifying gives 


| Ye echt Gi etal OS eke, (143) 
and 
ae le OO At OF (144) 


These two equations apply to all points in the estuary for which (AW—W,)/n may be neglected, 
and relaxation methods* of solution were used in obtaining approximate values of X and Y: 


* Some sets of equations cannot be solved exactly by algebraic methods but an approximate numerical solution can 
be obtained by the method of relaxation’. 


(86724) 2D 
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the work is greatly shortened by block relaxation techniques!’. Both P, and P, may be expected to be 
of the order of 4, so that the values of X and Y corresponding to P; = P, = } can be taken as 
the first approximate solution. 

It is unnecessary to solve Equations 143 and 144 with great accuracy because these equations 
are themselves approximations and can only be used to improve the first guessed solution in 
preparation for more accurate methods. Greater accuracy can be attained by expressing the variables 
as quadratic functions of distance, constructing equations which are similar to Equations 143 and 144, 
and applying the relaxation method; further accuracy can be achieved by using functions containing 
higher powers. The equations become complicated and will not be given here as they have been 
published elsewhere’. The relaxation of equations containing terms of higher powers was extremely 
slow and the amount of labour involved imposed a practical limit on the accuracy with which 
X and Y could be obtained—this was judged by integrating the terms of Equations 138 and 139 
numerically and calculating their error at many points along the estuary. The form of these 
equations is such that the residual errors are likely to be cumulative, so that the values of X and Y 
might be greatly in error, although these values satisfied every pair of equations with little error. 
The values of X and Y were further improved by altering them so as to reduce the errors of 
Equations 138 and 139. The way in which X and Y have to be altered has to be judged from the 
magnitude and sign of the residual error. The method of improvement is not systematic and 
success depends on the skill and understanding of the individual. It is possible to reach a position 
where no immediate reduction of the total error of the equations can be obtained. Adjustments 
may then have to be made in the values of X, or Y, or both, in some part of the estuary, the 
immediate effect of which is to increase the total error; this allows further adjustments to be made, 
each of which reduces the total error so that the final net effect is a more accurate solution taking the 
estuary as a whole. Thus the values obtained by relaxation were improved and it was judged that 
in the final solution no calculated value of X or Y was in error by more than a few per cent. ‘This 
statement of course refers only to the solution of the original equations; their validity can be checked 
only by comparing the predicted and observed distribution of salinity in the estuary under different 
conditions (see foot of next page). 


RESULTS 


The results obtained are shown in Table 153. The first values to be found were those for 7 equal 
to 2 tides: initially by the use of Equations 143 and 144, then more accurately using quadratic 
functions, and finally by numerical integration, X and Y were evaluated at 1-mile intervals from 
5 miles above to 50 miles below London Bridge at half-tide. The results for a one-tide period of 
mixing were then found by calculation from the results for the two-tide period; this was done by 
equating the first and second moments of the one-tide distribution after two iterations to those of a 
two-tide distribution after a single iteration. 

In Fig. 227 the calculated values of X and Y for a mixing period of one tide are plotted against 
position, and the corresponding values of P,, P,, and 1—P,—P, are shown in Fig. 228. It is seen 
that there are large variations in P, and P,, but that reasonable values are obtained throughout 
the estuary: P,+P, is a measure of the amount of mixing that takes place, and it has a maximum 
value of about 0-9 around 25 miles below London Bridge; everywhere P, is greater than P,—if the - 
two figures were equal, the mixing would be symmetric, and this state is approached most nearly 
about 30 miles below London Bridge. The variations occurring in the mixing proportions along 
the estuary are no doubt associated in some way with the configuration of the estuary and the 
patterns of the tidal flow. Some variation will also arise from the incompleteness of the data for 
the most seaward cross-sectional areas and this will affect the values of P, and P, which are obtained © 
by dividing X and Y respectively by the area. 

In the final column of Table 153 is shown the seaward displacement, resulting from mixing, 
which is additional to the movement caused by the land-water flow. In places this seaward 
movement due to mixing is more than a mile a day; in the lower reaches it is greater than 
the movement caused by the land water (Fig. 13(b), p. 15), and in consequence the period of 
retention of substances within the estuary is less than it would be if it were determined solely by 
the flow of land water. It has been assumed that the values of the mixing constants are unaffected 
by changes in land-water flow; the effects of such changes are likely to be slight—except in the 
first few miles for which the constants have been calculated. 


VERIFICATION OF MIXING EQUATIONS 


Once the values of X and Y are known, it is possible to calculate the changes in the distribution 
of salinity occurring over a period, given only the initial distribution and the land-water flows 
during the period. Coriiparison between predicted and measured values may thus be used to verify 
the accuracy of the mixing constants. 
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Table 153. Calculated mixing constants (A) for period of I tide and mixing length of 6 miles, and 
(B) for 2 tides and 9 miles 
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from | xX y P; P; 1—P,—P, seaward 
London (10° ft?) (10° f2?) displacement 
Bridge | by 
at mixing 
half-tide | A B A B A B A B A B (miles) 
Above 
5 1-64 Ua 7a 0:49 0-18 0-197 0-206 0-059 0-022 0-744 0-772 0-80 
4 1-92 1-98 0:71 0-36 0-206 0-212 0-076 0-039 0-718 0-749 0-75 
a 223 Ze 1-02 0:63 0-208 0-210 0-095 0-059 0-697 0-732 0-66 
2 2°51 2°52 tes 0:81 0-202 0-203 0-099 0-065 0-699 0-732 0:60 
il 2:80 2:79 | 1:46 0:99 0-192" 40-191 0-100 0-068 0-708 0-741 0-54 
0 oil 3-06 1*75 1-26 0-183 0-180 0-103 0-074 0-714 0-746 0:46 
Below 
1 3-40 3°33 2:05 1353 0-181 0-177 0-109 0-081 0-710 0-742 0:42 
2 3-89 3-78 2°47 1-89 0-192 0-186 0-122 0-093 0-686 0-721 0-40 
3 4-35 4-23 2:80 2:16 0-202 0-196 0-130 0-100 0-668 0-704 0-42 
+ 4-93 4°77 3-24 Doe 0-216 0-209 0-142 0-110 0:642 0-681 0:43 
5 5-58 5-40 3-64 2°79 0-224 0-217 0-146 0-112 0-630 0-671 0:46 
6 6:60 6-39 4-14 3215 O9239 7 a50- 232 0-150 0-114 0-611 0-654 0-51 
% 8-06 PP 4-69 3°42 OP261r 0256 0-152 0-111 0°587 0-633 0:63 
8 9-83 9°72 36 SO 7s} 0°273 | 02270 0-149 0-105 0-578 0-625 0-72 
9 11-8 11-8 6:18 4-23 0:287 0-286 0-150 . 0:103 0-563 0-611 0-80 
10 14-2 14-1 7:05 4-68 0-309 0-309 0-154 0-102 0-537 0-589 0-90 
11 16°5 16-6 7°99 oer 0-341 0-342 0-165 0-108 0:494 0-550 1-02 
102 19-0 19-0 9135 6:21 0:374 0-374 0-184 0-122 0-442 0-504 1-10 
13 Zils 213 11-4 7°92 0-402 0-399 0-214 0-148 0-384 0-453 1-09 
14 23°9 23°5 13+7 9-90 0-424 0-417 0-243 0-176 0-333 0-407 1-05 
15 26°5 25-8 16°3 We 2 0:446 0-435 0-274 0-205 0-280 0-360 1-00 
16 28-9 28-0 18-8 14-5 0:456 0-441 O229 7 0-229 0-247 0-330 0-92 
14 31°3 30-1 21-3 16:7 0-459 0-441 0-312 0-245 0-229 0-314 0-85 
18 33-4 31-9 23°8 19-0 0:446 0-425 0-318 0-254 OF236"- 802321 0-74 
1; 35°5 336 26:4 21-4 0:426 0-403 Oosiney (Oe 72sy¢/ 0-258 0-340 0-64 
20 37-6 3513 29-1 24-0 0:422 0-396 OF 327 0270 0-251 0-334 0-55 
21 39-6 36:9 Silr7, 26°5 0:431 0-402 0-345 0-288 0-224 0-310 0-50 
22 41-3 38-3 34-1 28-7 0:446 0-414 0-368 0-310 0:186 0-276 0-45 
23 42-9 SED SOr2 30-6 0:464 0-429 0-391 0-331 0-145 0-240 0-43 
24 44°6 41-2 38-1 32°4 0-478 0-441 0:408 0-347 Ont TO 22 12 0-41 
25 46:4 42°7 39-9 34-0 0:486 0:447 0:418 0:356 0-096 0-197 0-40 
26 48-1 44-2 41-6 S}5)05) 0-481 0-442 0-416 0-355 0-103" 0*203 0-38 
Zi 49-9 45-8 43-2 3720 0-463 0-425 0:401 0-343 0-136. 0232 0-36 
28 51-4 47-1 45-0 38-6 0:428 0-392 0375 0+322 0-197 0-286 0-30 
29 53-0 48-5 46°8 40-1 0:390 0:357 0:344 0:295 0:266 0:348 0-27 
30 54-7 50-0 48-3 41-7 0-360 0-329 0:318 0-274 023225 OL397) 0-24 
31 56:5 DIS 50-4 43-5 0-341 0-311 0-304 0-262 0:355 0-427 0-21 
Sy 58-2 a3 521 45-0 0:326 0-297 0292) 0-252 OLS 82 ee Oe4 Sil 0-20 
33 59-2 54 DS 2 46-0 0-310 0-283 0-279 0-241 0-411 0-476 0-18 
34 62-2 a7 54-7 46-9 0-306 0-280 0:269 0-231 0-425 0-489 0-21 
35 65-4 60 56-5 48-2 02302 Or 277 0-261 0-223 0:437 0-500 0-24 
36 70-2 65 58-6 49-3 0:304 0-282 0:254 0-214 0-442 0-504 0-30 
$7 75°2 70 60-4 50-7 0-305 0:°284 0-245 0-205 0-450 0-511 0-34 
38 82-2 77 63-4 a2 0:310 0-291 0-239) 0-197 0-451 0-512 0-41 
39 91-0 86 67-1 54:4 OS Gnen e299 0-233 Orso 0-451 0-512 0-48 
40 100 96 TANS 56°5 0-312 0-298 OF220 FOL L6 0:467 0-526 0-53 
41 115 111 76°8 60 0-321) 0-309 0-214 0-167 0-465 0-524 0-62 
42 134 130 84-3 64 0-328 0-319 0-207. 0-157 0-465 0-524 0:70 
43 155 iby 93-3 69 0:334 0-327 0-201 0-149 0-465 0-524 0:77 
44 182 179 104 75 0:344 0-339 0-197 0-142 0°459 0-519 0:86 
45 213 210 117 83 02353 0-349) 0-195 0-138 0-452 0-513 0-92 
46 244 242 134 94 0°359 0-355 02197. 0139 0-444 0-506 0:94 
47 279 275 156 111 0:364 0-359 0-203 0-145 0:433 0-496 0-93 
48 320 315 181 130 O32 0-367 O-2 tity 202052 0-417 0-481 0-94 
49 361 350) 210 153 OF3,755 102305 O-218e 0) 0-159 0:407 0-473 0-91 
50 404 397 234 170 0°375 0-368 0-217 0-158 |. 0-408 0-474 0:91 








In Fig. 229, Curves 1 show the approximate distributions of salinity on two particular days 
which preceded large changes in the flow at Teddington; in (a) the flow was increasing at the time 
to which Curve 1 refers, and in (b) it was decreasing. Curves 2 are the salinities which, it is calculated, 
should have obtained two weeks later. Each Curve 2 was calculated from the corresponding Curve 1, 
using the mixing constants and the estimated land-water flow, and calculating the salinity changes 
for each successive period of two tides. The crosses in these figures refer to determinations made 
by the L.C.C. at about the time for which Curves 2 were calculated. As samples were not taken 
throughout the estuary on any of these four particular days the observed data do not correspond 
exactly with the conditions assumed for the calculated curves. 
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Fic. 227. Calculated values of mixing constants X and Y for mixing period of one tide and mixing length 
of 6 miles 
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Fic. 228. Calculated values of the mixing proportions P,, P,,and 1 — P, — P, for one tide 


It is also possible to calculate the salinities which are in equilibrium with a given constant flow 
of water from land sources. The salt concentrations calculated to be in equilibrium with the average 
flows during 1946 (the flows of some minor sources of fresh water during this year are not known 
accurately) are shown in Fig. 230. The average salinities determined by the L.C.C. at different 
points in the estuary are also shown. The agreement is surprisingly good, particularly as salinity is 
not a linear function of land-water flow. . 


SUMMARY 


A mathematical model has been developed for the mixing of the water in an estuary without 
pronounced stratification. From a knowledge of the distribution of the average salinity, and the 
corresponding land-water flow, pairs of ‘mixing constants’ were evaluated at mile intervals throughout 
most of the estuary; by the use of these constants the changes in salinity brought about by any given 
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changes in fresh-water flow can be calculated. ‘The validity of the theory was confirmed by comparing 
the calculated and observed distributions of salinity during two periods, in one of which the 
fresh-water flow was increasing, and in the other decreasing. 

It should be noted that the mixing constants that have been derived apply to average tidal 
conditions only. At any particular point in an estuary, the mixing length, J, is likely to vary approxi- 
mately with the tidal range. However, the representation of tidal mixing developed in this chapter 
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is not intended for application to problems involving the movement of substances in an estuary 
during a period of one or two tides, and it has been applied in calculating equilibrium half-tide 
distributions only. 

Methods of applying this theory of mixing to problems arising from discharges to the estuary 
are described in the remaining chapters. 


APPLICATION TO OTHER ESTUARIES 


It is believed that the methods developed in this chapter are applicable to other slightly stratified 
or non-stratified estuaries. The basic experimental data for derivation of the numerical values of 
the mixing constants X and Y are those relating to land-water flow and salinity only. 

It would seem preferable to use the same methods as for the Thames: that is, to derive the 
constants from the average salinity distribution over a considerable period during which the flow 
variations are not excessive, or (if possible) to use the salinity distribution in approximate equilibrium 
with a particular value of the land-water flow, and then to check the derived constants by comparing 
observed and predicted salinity distributions over periods of about 15 days (or preferably 30 days, 
which is the lunar cycle), both when the flow is rising rapidly and when it is falling rapidly. In many 
estuaries even this amount of information may be difficult to acquire, since reliable records of the 
flow of all the major streams discharging to an estuary are frequently not available. The salinity 
data require to be adjusted to half-tide conditions—either by the methods outlined on pp. 6-8, 
or by the alternative methods to be published elsewhere!’. 

The choice of a suitable mixing length, L, can be made after determining approximately the 
average tidal excursion—this may be done by examination of the salinity data from suitably planned 
surveys’. By using an electronic computer, the evaluation of the mixing constants could be 
accomplished far more readily than it was for the Thames. Although the mixing constants required 
for subsequent calculations are those denoted by X and Y, it is preferable also to determine P, 
and P, and to examine whether the values for these proportions are reasonable, or whether (as 
mentioned on p. 400) a different value should be taken for the mixing length. 
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CHARTERIS 


Methods of Calculating Distributions of 


Dissolved Substances 


The mathematical representation of longitudinal mixing, developed in the previous chapter, can be 
used in predicting the movement of substances discharged to the estuary. Under steady conditions 
of fresh-water flow, the equilibrium distribution of any soluble substance can be calculated. To make 
such a calculation it is necessary to have information about three factors: 


1. The total land-water flow past each point in the estuary. This is probably known with 
sufficient accuracy for steady conditions at all values of flow at Teddington (see p. 14). 


2. The rate of entry of the substance in each discharge to the estuary, including the fresh-water 
discharges. This ‘substance’ may, for example, be dissolved oxygen (or oxygen deficiency), 
ammonia, nitrate, or heat. If not all sources of the substances are being considered, 
it is necessary to know the distribution of the substance produced by those not taken 
into account. 


3. The natural laws relating to changes occurring in the substance in the water. Thus, if the 
substance were dissolved oxygen, the gain by absorption from the atmosphere and the 
loss in oxidation processes would be considered; or, if it were nitrate, knowledge of the 
conditions under which this is formed by oxidation or destroyed by reduction would be 
required. If the substance were sodium chloride it could be assumed that no change took 
place in the estuary, but if it were a radiochemical tracer, then its exponential decay 
would have to be considered. 


It is necessary to distinguish between conservative and non-conservative substances. The 
former—of which sodium chloride is typical—are neither created nor destroyed in the water by 
chemical, biological, or any other action. It is relatively easy to calculate the concentrations of such 
substances knowing only their rates of discharge to the estuary, their concentrations in sea water, 
and the rates of entry of water from all land sources (this last factor is needed in calculating the 
seaward displacement of the substance). 

Some substances are not conservative: they are created or destroyed in the water, or they 
enter from or escape to the air above it; typical examples are ammonia which is oxidized to other 
substances and oxygen which is dissolved by the water and is consumed in oxidation processes. 
The methods developed in this chapter can be used to calculate the distributions of both types of 
substance, but for a non-conservative substance the natural laws relating to its rate of gain or 
loss must be known. 

In many of the calculations, complications arise from interactions between different substances 
and from changes in the natural laws at certain concentrations. For instance, it cannot necessarily 
be assumed that the distribution of oxygen deficiency produced by a single large discharge of organic 
carbon can be derived simply from the polluting load, the exchange coefficient for oxygen, a single 
rate-constant of oxidation, and the distribution of oxygen deficiency in the absence of the discharge. 
At low concentrations of dissolved oxygen, nitrification proceeds more slowly or virtually ceases, 
and nitrate may be reduced; when neither dissolved oxygen nor nitrate is present, reduction of 
sulphate may occur. Consideration of such factors must be included in developing the methods of 
calculation. 

The object of these calculations is to relate the condition of the estuary to the discharges (or the 
constituents of the discharges) entering it, and to temperature, fresh-water flow, and other factors, 
and hence to predict the changes in condition which would be produced by changes in any of these 
factors. The results cannot be more accurate than the experimental data and the assumptions used 
in the equations. The calculated and observed conditions can be compared only for periods for 
which there is sufficient information; consequently, many of the assumptions can be verified only 
for the conditions which obtained during these periods. The quality of a number of the more 
important discharges to the estuary has been improved in recent years, and further improvements 
are being made; the condition of the estuary should thus become progressively better than in the 
years for which a direct comparison between the observed and calculated conditions has so far 
been made. It seems likely, however, that most of the assumptions which were necessary for these 
calculations will continue to be applicable in the future. 

In later chapters, the calculated distributions of temperature, dissolved oxygen, oxidizable 
and oxidized nitrogen, and the rate of removal of dissolved oxygen, due to various sources and 
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combinations of sources are given, and the laws relating to the rates of change of these substances 
in the water are discussed. In the present chapter the justification of these laws is not considered 
(although the type of situation in which they are likely to apply is mentioned) but the mathematics 
required for a solution of the equations which represent them is developed. The mathematical 
methods used in all cases have much in common; it is convenient to develop first a method of 
solving the equations in the general case of an arbitrary law concerning the addition, formation, 
and loss of a dissolved substance, and then to consider the laws relevant to a particular substance. 
In some cases the laws are not known, or are known only approximately from experimental results; 
assumptions about them have then been made, and if the calculated results agree with the observed 
conditions in all circumstances, it has been concluded that the assumptions are substantially correct. 


THE GENERAL CASE 


Let C(x, t) be the concentration of a substance in the water which has a half-tide position 
- at a distance x from the head of the estuary at time ¢; when no reference is required to specific 
values of x and ¢ this concentration may be written more simply as C. 'The purpose of the calculations 
is to derive C from expressions connecting it with other measurable quantities. 

The magnitude of C(x, t) can be found if the boundary conditions at the two ends of the estuary, 
the initial values C(x, 0), the rate of entry of the substance from each land source, and the laws 
relating to all changes in the time interval from 0 to ¢ are known. The values of C(x, 0) may be 
unnecessary when the equilibrium concentrations only for given constant conditions are required. 

Over any period 7 which is a whole number of tidal intervals, the concentration distribution 
may change as the net result of four processes: 


1. The increase in concentration by entry of the substance from land sources, or the decrease 
owing to the dilution provided by discharges containing smaller concentrations than the 
receiving water. 


2. The decrease in concentration of a non-conservative substance by loss from the water 
or by conversion into another substance by processes taking place in the water, or the 
increase by its formation in the water. 


3. The seaward displacement of the estuary water by the land-water flow. 
4. The mixing of the estuary water. 


The calculation is divided into two stages. In the first the concentrations which would exist if the 
water flowed for time 7 with no mixing are examined; these are the result of the first three processes 
listed. The second stage of the calculation makes allowance for the effects of tidal mixing; 
if C*(x, r) represents the concentrations which would occur at the end of the time interval if the 
water flowed without mixing, C(x, 7) can be obtained from C*(x, 7) by mixing of the water in 
accordance with the theory developed on pp. 399-406. 


ENTRY OF DISCHARGES 


The water, which at half-tide is at a distance x along the estuary, moves during the tidal interval 
between points at distances of, say, x—a and x+); all discharges situated within this range may 
increase the value of C. ‘The increase in concentration occurs at the moment when the water flows 
past the point of entry, and can be calculated from the rate of discharge of the substance and the rate 
of tidal flow of the water past this point. Thus for any particular source, the concentration in 
the receiving water is increased twice during the tidal period as the water flows past the point of 
entry. It is convenient to regard each discharge as continually increasing the concentration at all 
points within the range of tidal flow—as given by drawing horizontal lines between the curves 
in Fig. 5 (p. 7)—at a rate which, when summed over the tidal period, is equal to the total increase 
in the water flowing past the point of entry. (When two calculations were made of the equilibrium 
distribution in the estuary of the effluent from Southern Outfall, in one the discharge being 
distributed as above, and in the other according to more detailed calculations of the flow, no sig- 
nificant difference was found.) If the increases due to all sources are added, a function I(x, #) 
representing the rate of increase of the substance in the water due to all discharges, can be computed. 
Whereas the function C will generally be expressed in terms of a concentration, J will be in those 
of concentration per unit time. / 

The variations occurring in the concentration of the substance during the tidal cycle are thus 
neglected, and the concentrations which will be calculated are the averages during the cycle. 
It is impossible, by the methods developed, to calculate the distribution of the substance if a large 
proportion of it is destroyed in the water during a single tidal cycle, since these methods are accurate 
only for repeated mixing during a number of tides. If it were required to calculate the concentration 
of a substance which disappeared very rapidly (such as sulphite discharged from a power station 
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where the flue gases are washed), variations within the tidal cycle would have to be considered 
and the mixing of the water could probably be neglected since there would be little mixing before 
the substance disappeared. 

All the calculations of the function C apply only to average tides, as does the mixing theory 
itself; the differences to be expected between springs and neaps are thus also neglected. 

The methods which follow have been used only for discharges which may be considered to be 
continuous and steady—in the case of the spasmodic discharge of storm sewage, the average result 
has been calculated by considering the effect of a continuous flow at such a rate that the total 
quantity of material entering the estuary during a period of several months would be the same 
as the total quantity discharged spasmodically in the same period. Nevertheless, the methods could be 
modified for predicting the effect of a discharge lasting for only a short time. 


DESTRUCTION OF SUBSTANCE 


Let the rate of destruction of the substance in the water be represented by 


~ = = HC,x,0), (145) 
that is, as a function of concentration, position, and time only. This rate may, of course, depend on 
other variables—such as temperature and the concentration of some other substance—which must 
be known as functions of position and time so that the equation representing the rate of destruction 
can be put in the above form. Before this can be done, it may be necessary to calculate the 
concentration of another substance. For example, if the distribution of dissolved oxygen is to be 
found, the distribution of nitrate may first have to be calculated, since the rate of removal of oxygen 
from the water, when the oxygen concentration is low, depends on the supply of oxygen available 
from nitrate. This rate (expressed as a function of x and ¢) thus becomes part of the function ¢. 

In some cases the rate of formation of each of two substances may depend on the concentration 
of the other; it is then impossible to represent the rate of formation of one of the substances as a 
function of distance, time, and its own concentration only, or to represent the rate of formation 
(which may be considered as negative destruction, or ¢ being negative) in the form of Equation 145. 
There is no general method for the solution of these cases, so they are not considered in this section. 
(One such case, which arises in calculating distributions of nitrate and dissolved oxygen, is 
discussed on pp. 423-425.) 

The case of ¢ being any arbitrary function of the three variables will be discussed first. ‘The 
particular results needed for the solution of specific problems can then be derived from the general 
result. 


CHANGES IN CONCENTRATION WITHOUT MIXING 


For the purpose of deriving equations to represent the distribution of substances in the estuary 
it is convenient to consider the water of the estuary to flow for a time 7 without mixing and then to be 
mixed instantaneously, and after flowing without mixing for another period of 7 to be again mixed 
instantaneously, the process being repeated indefinitely. If the time 7 corresponds to 7 tidal intervals, 
the results are more accurate for small values of m, and m must be small enough to ensure that the 
proportion of the total quantity of a substance which is created or destroyed during time 7 is small. 

Consider now the changes which would take place during the period + if no mixing were 
occurring; C* is the value of C when the effects of mixing are not taken into account. The problem 
is then to express C*(x,7) in terms of C(x,0). 

The estuary water is displaced seaward by the land-water flow; after time ¢ the water will have 
reached some point x+s, and at the end of the period will have reached «+o, where o is the 
seaward displacement from x during time 7. To simplify the expressions that follow, s and o are 
used in denoting the positions x+s and x+o respectively. 

At the beginning of the displacement the concentration is C(x,0); if no mixing took place, 
the concentration after time t would be C*(s,t). From t to t+ 6¢ the change in C* is 5C*; this 
change is the result of the increase J(s)5¢ due to the entry of the substance, and the decrease 
o{C*(s,t), s,t\5¢ due to its destruction in the water. But dt = 6s A,/Q, = ds/u,, where Q, is the 
total land-water flow above the point denoted by s, A, is the average cross-sectional area of the 
estuary at the same point, and u, is the corresponding value of the displacement velocity (pp. 14-15). 
Consequently, the change in concentration is given by 


8C* = [I(s) — d{C%(s, 2), 5, t}] 82, (146) 
or by 


SC* = = [1() — ${C*(s, t), s, t}]8s, : (147) 
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The change in concentration by the end of the displacement is given by integration of either 
of these two equations, but no general solution can be given. Since the relevant data are in 
numerical form, the integration is carried out numerically. In the calculations of the temperature 
of the ‘Thames Estuary (Chapter 16) the values of C*(x+0, 7) were found for each value of x at 
intervals of either 1 mile or 2 miles throughout the estuary, and were then plotted against «+o; 
by reading off the curves produced in this way, at the same intervals, the values of C*(x, 7) were 
obtained. In the calculations of dissolved oxygen (Chapters 17-19) the values of C*(x+o, r) 
were found for «+o at 2-mile intervals, the values thus found being those of C*(x, 7) required 
for the next stage of the calculations (see p. 417). 


EFFECTS OF MIXING 


Once C*(x, 7) has been found, the additional changes caused by one mixing of the water have 
to be calculated. After mixing, the water at any point consists of a mixture from different points 
in the neighbourhood, and the new concentration can be obtained by adding the contributions 
from all the water which reaches that point. According to the representation of mixing proposed 
on p. 399, a proportion of the water (1 — P,—P,) remains in its original position and makes there a 
contribution of (1—P,—P,)C*, or (A— X— Y)C*/A, where A, X, and Y have the same meanings 
as in the previous aantars 

A proportion P, of the water in the range x+/ to «+/+ 6/ moves landward during the mixing 
and is distributed uniformly throughout a distance L. Its contribution to the new concentration 
at x is C*(x+/, 7)(AP,),,. ,61/A,L, provided 0</<L. The total contribution from the water which, 
before mixing, was seaward of the point x is obtained by integrating this expression from 0 to L; 
substitution of Y for AP, then gives 
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Similarly, the contribution from the water which, before mixing, was landward of point » is 


1 0 
ale C#(x—I,7)X,_,dl, 


and the final concentrations are given by 
dat 


Ca ney 


; | 
is C¥*(x+1,7)Y,,al + | C¥*(x—1, 7)X,_,dl + LC*(x, 7(A—X-— V),\. (148) 


EQUILIBRIUM CONCENTRATIONS 


In all the calculations of distributions of substances in the Thames Estuary it has been the 
equilibrium concentration—for a steady rate of entry of a substance, a steady rate of fresh-water 
flow, and a constant temperature distribution—that was required. The equilibrium concentration 
is that for which 


C(x, r) = C(x, 0) (149) 


for all values of x within the estuary. 

If an electronic computer is available, it is probably most convenient to programme it to solve 
Equation 149 in one operation. If a computer is not available, an almost exact solution would, 
in most cases, require long numerical calculations. An approximate solution can be obtained more 
quickly by iterative methods and much time can be saved if great accuracy is not essential. The 
values of C(x, 0) are first guessed, the values of C(x, r) computed from the above. equations, and 
then C(x, 27) is computed from C(x, r), and so on until sufficiently constant concentrations are 
obtained. The work can usually be shortened by making a new guess of the solution at the end 
of each stage using the differences C(x, rr) — C{x, (r—1)r} as a guide rather than by accepting 
C(x, rr) as the start for a new iteration. Nevertheless, the calculation may be very tedious and it is 
clearly desirable that the first guessed solution should be reasonably accurate. 


SPECIAL CONSIDERATIONS APPLYING TO UPPER REACHES a 
ESTUARY 


There are two points which affect calculations referring to the upper reaches and which require 
to be mentioned. These are the uncertainty in the magnitude of the mixing constants, and the 
correction to be applied for dilution of substances in the estuary by discharges to it. 

The mixing constants, derived from the observed salinity of the water (pp. 402-404), are of © 
doubtful accuracy for the uppermost reaches of the estuary (owing to the small concentrations of salt 
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usually found there) and for this reason are not listed in Table 153 (p. 403) for positions more than 
5 miles above London Bridge. However, values upstream of this point were estimated by extra- 
polation and have been used in the calculations which required them; since, near the head of the 
estuary, the mixing constants are not large and the land-water flow is usually of the same order 
as (and sometimes appreciably greater than) the tidal flow, any errors in the mixing constants 
for this part of the estuary will be of less importance than would corresponding errors in those for 
the middle and lower reaches. 

Water entering the estuary from its tributaries, or as sewage and industrial effluents, decreases the 
concentration of a substance in the estuary by dilution. At times of high fresh-water flow, the sewage 
and industrial discharges are small in comparison with the river flow but dilution by the larger 
tributaries is appreciable; at times of low flow at Teddington, dilution by sewage and industrial 
effuents may also be appreciable. 

The most important predictions (in Chapter 18) of future conditions are those relating to high 
temperatures and low flows; the Statutory Minimum value of 170 m.g.d. for the flow at Teddington 
has been used in these calculations and the discharge from Mogden Sewage Works is about 
half this. Consequently, if the concentration of a substance in the water passing over Teddington 
Weir were 6 p.p.m., if there were no other source of the substance, and if it were not destroyed, 
the concentration below the Mogden outfall would be about 4 p.p.m. 

In general, if the total land-water flows at x+s and x+s+4s are respectively Q and 0+ 80, 
the concentration of a substance will decrease from C* to OC*/(Q+6Q) by dilution during its 
displacement through the distance 6s. The decrease in concentration is C*60/(Q+ 6Q). To allow 
for dilution, this quantity must be subtracted from the right-hand side of Equation 146. The 
integrated equation then includes the total effect of dilution during the period of displacement. 

The dilution has been calculated for all flows used in the calculations. At a flow of 170 m.g.d. 
at ‘Teddington, concentrations of substances already present in the estuary are reduced by about 
12 per cent during one tide in the vicinity of the Mogden outfall, but at a flow of 4000 m.g.d. by 
only 2 per cent. (The apparent discrepancy between the figure of 12 per cent, and the reduction 
from 6 p.p.m. to 4 p.p.m. in the example given above, arises from the land-water displacement 
during one tide being less than the tidal excursion—the discharge is considered to enter over the 
whole length of the tidal excursion, so that the full effect of the dilution does not take place within 
the displacement during a single tide.) The effect of dilution, in general, decreases rapidly with 
distance along the estuary but there is a slight rise in the central reaches where the River Lee and 
the effluents from Northern and Southern Outfalls enter the estuary near to each other. The dilution 
during one tide decreases concentrations in this neighbourhood by 1-2 per cent; the precise 
amount depends on the flow-of the discharge which has less effect in the case of a tributary than 
in that of a sewage or trade discharge, since the flows in the tributaries vary more closely with the 
flow at Teddington than do those of other discharges. 


SUBSTANCES OF WHICH RATE OF DESTRUCTION IS 
PROPORTIONAL TO CONCENTRATION 


In certain circumstances the rate of destruction of many of the substances considered in later 
chapters is taken to be proportional at all places to the concentration of the substance in the water. 
Two processes may be cited as examples: oxidation, which represents the destruction of oxygen 
demand at a rate proportional to the oxygen demand present (limitations of this law are discussed 
in Chapters 8 and 17—particularly on pp. 459-462), and reaeration, which concerns what might 
be termed a ‘negative substance’ namely the deficiency of the content of dissolved oxygen below 
the saturation value; the absorption of atmospheric oxygen represents the destruction of oxygen 
deficiency and takes place at a rate proportional to the oxygen deficiency in the water. In all such 
cases the function representing the rate of destruction takes the form 


$(C, x,t) = CF(x, t) (150) 


(the symbol F is used in preference to the more usual f so as to avoid confusion with the exchange 
coefficient which is denoted by f throughout the Report). Some useful results, applying to all 
substances for which the rates of destruction are proportional to their concentrations, are derived 
below. To simplify these derivations, the correction for dilution (discussed in the previous paragraphs) 
is neglected, but account is taken of this factor in the equations used in subsequent calculations 


(see p. 417). 


ADDITION OF EFFECTS OF TWO OR MORE DISCHARGES 


There may be two or more discharges of a substance into the estuary, or the substance may be 
formed in the water by chemical changes in material which has come from several sources. If each 
discharge entered the estuary without the others it would cause a particular concentration distribution 
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varying with distance and time. It will be shown that these individual distributions may be added to 
obtain that due to all the discharges together. 

Let C,(x, t) be the concentration of a substance in the water at distance x along the estuary 
at time ¢, so that C,,(x, 0) is the concentration at time zero. Let I,(x, t) be the rate of increase in 
concentration due to discharge of the substance from a single land source or to its formation in 
the water. 

Suppose that another discharge starts to enter the estuary at time f), and that the rate of increase 
in concentration due to it is [,(«, t). (Alternatively, J,(x, t) can be negative and represent the removal 
of a part or the whole of one of the existing discharges; [,(x, t) may also represent an increase or 
decrease in the rate of formation of the substance in the water because of biological or chemical 
changes in constituents of the second discharge.) Before tj, the total rate of increase in the 
substance due to all sources, J(x, t), is given by 


Ces yo se (151) 
After fp, 
dese ea La 9 We aw BY Wf A (152) 


Let C,(x, t) be the concentration due to the second discharge—which starts to enter the estuary 
at time ¢, when the concentration of the substance due to this discharge is everywhere zero. 
Thus, 

Cy este) 0: (153) 


Now integration of Equation 146 (p. 409) gives the change in concentration, AC*, after 
displacement during the period 7, but before allowing for the effects of mixing. The value of AC* 
for both discharges acting together will, in abbreviated notation, be 


AC = | {at h) — Cut + Ghat, (154) 
whereas the sum of the distributions for the two discharges acting separately will be 
AC,* + AC,* = | [Lat Lo) — {P(Ca*) + H(Co*) $1 aE. (155) 
0 


The effects of the two discharges will be additive if 
AGS, SAC, * asaC pts (156) 
that is if, for all values of x and f, | 
H(Co¥ + Cy*) = (Cr*) + HCy*)3 (157) 
this will be true if and only if ¢(C) may be replaced by CF as in Equation 150. The same 


considerations apply to the mixing calculations (Equation 148, p. 410). Consequently, the effects of | 


two discharges are additive if and only if Equation 150 is applicable. 

This result can be extended: when Equation 150 is satisfied, the concentrations due to many 
discharges can be added, and since Equation 156 was proved in general terms, it follows that the 
equilibrium concentrations corresponding to constant rates of entry or constant rates of formation 
of a substance in the estuary can be added in the same way. It can also be extended further: suppose 
that a substance (to which Equation 150 applies) enters the estuary from two discharges, and that a 
second substance is formed in the water by chemical or biochemical changes in the first substance 
so that each discharge acting alone will maintain a concentration of the second substance in the 
estuary. If the rate of formation of the second substance is proportional to the concentration of 
the first, the two concentrations of the second substance can be added to give the concentration 
which will be maintained by the two discharges together. 

These results are very useful. If a substance enters the estuary in many discharges at different 
points, or if it is produced in the estuary by chemical or bacteriological changes in many discharges 
which enter at different points, the effect of each (or of a group) acting alone can be added to give 
the effect of all discharges together. The effect of one discharge can be assessed independently 
of the others, and the changes which follow an alteration to it can be rapidly calculated by 
multiplying, by a single numerical factor, the original concentration due to the discharge. It is also 
possible to calculate the concentrations which correspond to entry of unit amount of a substance at 
various places along the estuary; thus the changes following alterations in existing discharges can 
be found without a calculation which involves all the discharges entering the estuary. 

It must be remembered that the concentrations can be added in this way only if Equation 150 
is applicable. It would not apply, for example, for two discharges entering the estuary, if each were 
oxidized by bacteria in such a way that the rate of oxidation of one depended on nutrients which 
entered from the other. For Equation 156 to hold, the rate of removal of the substance from one 
discharge must be proportional to its own concentration and must not depend on the other. 
For many substances, such as ammonia, oxidized in the estuary, the rate of oxidation is proportional 


' 


- 


‘ 


¢ 
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to their own concentration if an adequate supply of dissolved oxygen is available, but at low con- 
centrations of dissolved oxygen the rate of oxidation of ammonia decreases, and in these conditions 
the calculated distributions of ammonia due to different discharges are not additive. If the water 
of the estuary becomes anaerobic, the rates of removal of dissolved oxygen by different discharges 
clearly cannot be independent of each other. 


GENERAL SOLUTION 
For the situation where Equation 150 holds, Equation 146 becomes 
8C* = {I(s) — C*(s, t) F(s, t)} 8t. (158) 


The term J(s)ét represents the addition during the interval from ¢ to ¢+8t, in which the water 
passes from s to s+ 6s, and the remainder of the expression the destruction of the substance in the 
same interval. ‘The integration of this equation is greatly facilitated by use of the addition theorem 
proved in the previous paragraphs. In obtaining the total change in concentration during the time 7 
(during which the water is displaced through the distance o) it is sufficient to sum the changes 
occurring as the result of each input J(s)d¢ and then to add the changes which would arise in the 
initial distribution if there had been no entry of the substance in the course of the displacement. 

Consider first the changes produced by the addition of the substance between s and s+ ds 
giving a concentration at time ¢+ d¢ equal to c,*. The rate of change in concentration is given by 

dc* 


heres heel 
tr Celis. ty; (159) 


and the concentration, c,*, remaining at the end of the displacement (that is after allowing for 


1 ee 


destruction of the substance between ¢-+ d¢ and 7) is given by 


Cr* dc* T 
| — =I F(s, t) dt. (160) 


CG 


The left-hand side of this equation is equal to In(c,*/c,*); but c,*, the initial concentration of the 
substance added in the element 3s, is J(s)5¢, so that the final concentration, c,*, due to the entry 
of substance between s and s+ ds is given by 


c.* = I(6)3t exp| - | FG iat}. (161) 


The total effect of all the discharges entering within the displacement is therefore 


[40 exp| =| i, iyae| a 


There remains to be considered the effect of the substance initially present at x; the concentration 
here is C(x, 0), and the corresponding final concentration is 


C(x, 0) exp| 2h { Fs, 1) ar} . 
0 
Consequently, by addition of these two expressions, the integrated form of Equation 158 is 


C#(x40,7) = C(x,0) exp{— | Me+s,n)del + Ue+s) exp|— [Forts sae} de. (162) 


UNIQUENESS OF SOLUTION 


If the condition of the estuary at any moment is known, and if the discharges entering it from 
that moment are also known, the concentrations of substances at all later times can be calculated 
and, even for the general case when Equation 150 (p. 411) does not apply, the results will be 
single valued. 

However, although the rate of discharge may be constant, the concentrations at a given time 
depend on the starting conditions—as also may the equilibrium concentrations. For example, 
if two substances were discharged, and if the rate of destruction of each depended on the concen- 
tration of the other, the concentration of one might be high at equilibrium and that of the other 
low—which was high and which was low might depend on the starting conditions. 

Let the starting concentrations at time zero be C(x, 0), and let the rate of increase in concentration 
of a substance by land discharges from that time be J(x). The concentration distribution at time ft 
is C(x, t) and this approaches the limiting value C(x, oo). For the special case where Equation 150 
holds, Equation 156 also is applicable, so that C(x, t) may be written as the sum of two 
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functions: C(x, ¢), the distribution corresponding to a steady rate of increase J(x) and starting 
concentrations which are everywhere zero when ¢t = 0, and C,(x, ¢), the distribution corresponding 
to a zero rate of entry and starting concentrations C(x, 0). 

As t increases, the substance initially present is displaced seawards and is dispersed by mixing, 
and C,(x, t) will approach zero; if the substance is non-conservative and is destroyed in the estuary, 
C,(x, t) will approach zero more rapidly. In either case the limit is given by C,(x, 0) =0, so 
that C(x, 00) = C(x, 00), and the equilibrium concentrations are independent of the starting 
concentrations. 

The uniqueness of the equilibrium distribution is clearly important. For example, if there were 
more than one equilibrium, and an iterative process were used, the iterations might not be convergent 
because the solution might oscillate between two possible answers. 


SPECIFIC CASES 


Some of the more important forms of the function F(x, t), which represents the rate of destruction 
of a substance in the water, occurring in the calculations for the ‘Thames will now be considered. 


Conservative substance 


For any substance which undergoes no reaction in the estuary, and is not lost to the air, into 
the mud, or in any other way, 
CTA nO (163) 
Equation 162 then reduces to 


Cin Fy eC Ce | Hx's) dt. (164) 
0 
Equation 148 (p. 410), which represents the mixing of the water, does not simplify. 


Conservative substance without land sources 


For a substance which is not destroyed or lost while in the water, is not introduced from land 
sources, and is not formed by any process in the water, not only is Equation 164 true, but also 
I is zero. This applies to any constant constituent of sea water (in particular, C can represent the 
salinity if the land sources of salt can be neglected). ‘The equation then becomes 


C¥*(x-+0, 7) = C(x, 0). | (165) 


Substance whose rate of destruction 1s independent of position in estuary 


If a radio-chemical tracer were discharged in solution to the estuary its rate of destruction — 
would be given by 
Cast) = C, (166) 


where k’ depends only on the half-life of the isotope used. ‘This equation also applies (with certain 
restrictions discussed at various points in this Report) to the destruction of oxygen demand by 
oxidation, k’ then being the rate-constant of the biochemical oxidation process. Equation 162 thus 
reduces to 


C#(x+0,7) = C(x, 0)e-¥? + { I(x -+s)e-¥O-0 dt. (167) 
0 


Substance whose rate of destruction is inversely proportional to water depth 


The rate of destruction of oxygen deficiency by reaeration (or gain in oxygen deficiency by 
loss of oxygen from supersaturated water) is given by 


CH= be: (168) 
where f is the exchange coefficient for oxygen and z the water depth; this is Equation 102 (p. 352) 
in a slightly different form since C refers to oxygen concentration in Chapter 13, but to the 
concentration of any substance in the present chapter (the ‘substance’ considered in Equation 168 
being oxygen deficiency). The general solution given in Equation 162 thus becomes 


7 dt T at 


if = Tt Ty. rr 
C*(x-+0,7) = C(x, 0)e. 1°" +| Hep oshe dette a, (169) 
0 


when the exchange coefficient is assumed constant throughout the estuary. If f, as well as 2, is a 
function of x, and henceyof ¢ (since the integration is over the displacement from x to x+ <a), the 
expressions f{(1/z)dt must be replaced by f(f/z)dt. 
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SOLUTION OF EQUATIONS 


In general, the equations representing the condition of the estuary water have no algebraic 
solution and each problem has to be solved by numerical methods. The most convenient way of 
doing this is to find the values of the functions at equally spaced points along the estuary; the 
smaller the distance between adjacent points, the less is the error, but the greater the amount of 
work required in obtaining the solution. 

The preliminary calculations relating to the ‘Thames Estuary, made while the methods of 
calculation were still being developed, were carried out on desk-operated calculating machines 
and the interval between successive points was 1 mile; the relevant equations (some of which have 
already been published’) are not given in this Report since they would no longer be used. In the 
calculations with which the remaining chapters are concerned the equations were solved using 
a digital computer, DEUCE (or its prototype, Pilot ACE), at the Department’s National Physical 
Laboratory. ‘The interval between successive points was 2 miles—with an interval of 1 mile there 
would have been too many values for convenient storage in the computer. 

In the succeeding paragraphs the special case of a substance for which the rate of destruction 
is proportional to its concentration (p. 411) will be considered. This is relevant to many of the 
subsequent calculations; different methods are used where such a proportionality cannot be assumed 
and these are discussed as they arise. 

The first series of operations in obtaining the calculated distribution of any particular substance 
is to evaluate Equation 162 (p. 413) to obtain the distribution of concentrations at the end of the 
displacement time, 7 (which, in most of the calculations, is the tidal period of 12h 25 min); 
the effects of tidal mixing are then allowed for by means of Equation 148 (p. 410). 


CHANGES IN CONCENTRATION DURING LAND-WATER 
DISPLACEMENT 


Initial distribution of substances discharged to estuary 


The first step in the calculations is to express the function J(x, t)—introduced on p. 408—in 
numerical form. Consider a discharge entering at a distance x from the head of the estuary, with 
a load of the substance equal to M (in terms of mass per time 7), and let the water which is 
at x at half-tide be at x—a at high-water slack and at «+5 at low-water slack. Then (as discussed 
on p. 408) the discharge is considered to enter continuously at the rate M//(a+b) over the whole 
tidal excursion. 


Segmentation of estuary 


In the numerical solution of the equations, the estuary is divided into segments of equal 
length w; it is therefore necessary to know the rate of entry to each segment. In general, neither 
x*—anor x+6 will coincide with the boundary of a segment, and in a typical case (where w = 2 miles 
and the tidal excursion is about 8 miles) the excursion may cover three segments (each of length w) 
and extend a distance « into the next segment upstream of this group and a distance f into the next 
segment downstream of the group. The tidal excursion is then a+b =a+3w+f, and the 
contributions to the five segments involved are M/(a+4) times a, w, w, w, and f respectively, 
these products thus also being expressed as masses per tidal cycle. Dividing each product by the 
volume of the segment gives the required figure for the average rate of rise in concentration within 
each segment of length w. The function I(x, t), for a steady discharge, is thus replaced in numerical 
form by a series of numbers J,, I;, J;, ..., which refer to successive reaches of length w. 


Destruction of added substance 


The next stage is to convert Equation 162 to a form suitable for the computer. The farthest 
upstream position chosen for the Thames calculations was 18 miles above London Bridge, or 
about 0-9 mile below the head of the estuary at Teddington. ‘The data to be used later (in allowing 
for the effects of tidal mixing) are required to refer to the chosen points at intervals w throughout 
the estuary. Consequently, it is convenient when calculating the changes in concentration taking 
place during the land-water displacement, that each successive starting point («) be such that the 
position at the end of the displacement (# +c) coincides with a chosen point. 

Consider the general case where o = nw+q, n being an integer and q being less than w, and 
where the displacement ends at the chosen point having the co-ordinate (r+)w—see Table 154. 
Let the times when the water crosses the intermediate segment boundaries be 4, f,,..., ¢,, and let 
the values of the rates of increase in concentration of the substance in the segments be I,,,, [,,9, 

., I,,, respectively and the rate in the whole segment in which the starting point lies be J,. The 
time taken for the water to be displaced through the first complete segment is ¢,—t,, and if 7 is taken 
as the unit of time, the rise in concentration that will occur during this interval will be J,, )(¢,—t,). 
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Table 154. Diagrammatic representation of displacement, due to land-water flow, 
through distance nw + q, from (x, 0) to («+ ., 7) 


Mean rate of rise 
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Since no account is taken of the distribution of rates of addition within a particular segment, 
it is considered that the average time the added material remains within the segment to which it 
is discharged is half the time taken for the water to be displaced through it; the same considerations 
apply to each segment—including the initial incomplete segment for which the period of retention is 
t,. The total contribution to the concentration at the end of the displacement, G,,,,, made by all 
the discharges entering within the displacement is thus given by the second of the two expressions 
on the right-hand side of Equation 162 (p. 413) expressed in summation form; this form is obtained 
from Equation 161 by replacing J(s)dt by J,,,(t;,,—t,) and the lower limit of integration by 
3(t;+¢;,,;)—an expression which will be denoted by t’,—and then summing over all the segments 
to give 

n th 
Cay a Di trates hi) exp| as {3 


= 


rat}, (170) 


t 


where t) = 0. The values of t; are readily found from the land-water flow and the cross-sectional 
area of the estuary; Ff depends on the substance being considered and in most of the cases examined 
below it may be integrated algebraically. 

When the displacement (c) is less than the interval (w) between the chosen points, Equation 170 
simplifies to 


ets or ae 
esis By Janta (171) 


Concentration due to substance present initially 


There remains to be considered the amount contributed to the concentration at the end of the 
displacement by the material initially present in the water. This is given by the first of the two 
expressions on the right-hand side of Equation 162 (p. 413). Although C(«, 0) is a continuous 
function, the values found by the numerical solutions refer only to the chosen points. However, it 
was found that the differences in the concentrations calculated for successive 2-mile points were 
sufficiently small to justify linear interpolation which could be included in the computer programme. 
Thus, if the position x lies a distance g upstream of the point rw—where the displacement ends 
at (r+n)w—it is sufficiently accurate to write 


BLES 0) = C(rw—q,0) = “ [gC{(r— 1), 0} + (w—g)C(rw, 0)]. (172) | 
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Net concentration at end of displacement 


The net concentration at the end of the displacement is thus given by 


T 
Fadt n 


1 - = " Fat 
C*{(r+n)w, 7} = Ia — 1)w, 0} + (w—9)C(rw, 0)] e J + DD Litt) e Je ; (173) 
i=0 


this equation is an approximate solution of Equation 162. 

If F can be expressed in algebraic form, it may be possible to simplify the exponential terms 
in Equation 173. For instance, F is constant for some of the substances considered (as in 
Equation 166, p. 414) so that exp (— Jj F dt) becomes e~”7. On the other hand, for some particular 
substances (as in Equation 169) F varies inversely with the depth of the water and is not expressed 
in a form that can be integrated; it is then necessary to obtain approximate numerical solutions 
to the integrals in Equation 173 by essentially the same methods as outlined above. 

Equation 173 is then of the form 


C¥{(r +n)w, +} = b,C{(r—1)w, 0} + b,C(rw, 0) + Grins (174) 


where b, and 6, can be evaluated from the displacements and from the laws for the destruction 
of the substance in the water, provided that these can be expressed in the form of Equation 150 
foo 411), 

No mention has been made, in this section, of the correction for dilution of the substance 
during the displacement, as discussed on p. 411. This must be allowed for in evaluating b, and 6, 
which, from Equations 150, 173, and 174 are then given by 





qQ zi 5 rat 
"= (0+ A0)° a 
and 
(w—q)Q - [jae 
* w(Q+A0)" Sai 


respectively, where Q is the total land-water flow at the start of the displacement and AQ is the 
addition within the displacement. 


The displacement matrix 


There are thus single values of 5,, b,, and G for each chosen point; 5, and 6, together form a 
matrix with two entries in each row, and G forms a vector, which is a matrix with only one row 
or one column. The concentrations at the end of the displacement are therefore related to those 
at the beginning by a matrix and a vector which were evaluated and punched on Hollerith cards 
at the Laboratory, and the cards forwarded to the National Physical Laboratory for processing 
by the computer. 

It is convenient to refer to the matrix defined by Equations 175 and 176 when F = 0 as the 
basic displacement matrix, b; this then relates to a conservative substance and makes allowance for 
displacement and dilution. A different basic matrix is needed for each value of the flow at Teddington. 
All the other displacement matrices are then embellishments of the basic form taking account 
of the function F which defines the rate of destruction of the substance in the estuary. 


CHANGES DUE. TO MIXING 


Numerical form of mixing equation 

Equation 148 (p. 410) takes account of longitudinal mixing and re-converts the values of 
C*(x, r) to terms of C(x, 7). The numerical integration of this equation will depend on the ratio L/w. 
In most of the Thames calculations the mixing length (L) has been taken to be 6 miles, and the 
interval (w) between the chosen points 2 miles. In the following discussion, the case of L/w = 3 
will be considered; the numerical values for L and w will not be substituted until the final equation 
is reached—in this way the equations are kept rather more general. 

If x corresponds to the position denoted by mw (where m is an integer), and if C* may be 
considered to vary linearly with x over the distance w, we may write 


L 
| C*(e+1,7)Y..,dl = wl$C*(mw, 7) Yin + CH (m+ 1)a, TY mst + 
0 


+ C*{(m -b 2), atY aan + aC*{(m oh 3), THY Gp cathe 4 (£77) 


The corresponding functions in X and (A — X— Y) may be similarly expressed, and Equation 148 
becomes 


(86724) 2E 
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L 
(m2) = giz (HC*K)-0 + (C8X) a + (C*X)a + [CMF Y) 4 Z(4-X—¥)] | 4 
0 


+(C#Y)+(C*Y).+ UC*Y)s), (178) 
where (C*X)_, = C*{(m—3)m, T}X(m_shy» etc 


The mixing matrix 

In Equation 178 the coefficient of each C* depends on the mixing constants and the areas of 
cross-section only. Hence, by evaluating these coefficients, C(x, 7) can be related to C*(x, 7) by a 
matrix which is the same for all substances. 

For the case where L = 6 miles and w = 2 miles, Equation 178 reduces slightly to give 


Caz) = = eS ee a + 2(C#X)_. + 2(C*X)_, +{C*(6A oe 5Y)}) + 


+ 2(C*Y), + 2(C*Y), + (C*Y)s]. (179) 


The terms X_3, 2X_,, 2X_,, (64—5X-—5Y), 2Y,, 2Y,, and Y;3, when divided by 6A, are thus 
the coefficients of the mixing matrix. There are seven values relating to each 2-mile point; these are 
shown in Table 155 in tabular form—in matrix form each successive row of coefficients is displaced 
one column to the right so that the existing columns then run diagonally. The computer co-ordinate 
number in the first column of 'Table 155 is the value of m which is seen to correspond to 2(m— 10) 
miles below London Bridge. 

In calculating the distributions of substances in the estuary the condition at the boundary 
50 miles below London Bridge must be known or assumed. Seaward of this point the concentrations 
of most of the ‘substances’ of importance in the calculations are sufficiently low, in practice, for the 
effects of their mixing into the estuary to be generally negligible (in the calculations relating to 
dissolved oxygen the ‘substance’ is oxygen deficit), and it has been assumed that there is no entry 
of these substances through the boundary. This assumption is applied by omitting those terms of the 
mixing equations that relate to conditions beyond the boundary; this is indicated by the blanks 
at the lower right corner of ‘Table 155. If, on the other hand, the salinity distribution were to be 
calculated, the entry from the sea would be predominant, and the distribution near the boundary 
would be required; the half-tide values at 46, 48, and 50 miles below London Bridge must be known 
or assumed—the values at points upstream may then be calculated. 


NOTATION IN MATRIX EQUATIONS 


The equations to be solved by computer can now be rewritten in matrix form. Since over a 
dozen new symbols will be required in succeeding pages, it is convenient to change the notation 
at this point; the symbols used in the remainder of this chapter will have meanings different from 
those which applied previously, but all are defined when introduced and are listed on pp. pals 579, 
Matrices (but not vectors) will be indicated by the use of bold type. 


SIMPLE CASE OF ONE SUBSTANCE ONLY 


If X represents the values of the concentration of a particular substance at the chosen points, 
then Equation 174 (p. 417) may be rewritten as 

. A* = xX, + Gx, (180) 

where X, is the series of initial values at the chosen points, X* the series after displacement during 

time 7, Gy the vector derived from the addition of the substance during the displacement, and x the 

displacement matrix consisting of the values of 6, and b, of Equation 174 as defined by Equations 

175 and 176. Gx is the distribution derived, for the particular substance, from the individual values 


of G,.,,, given by Equation 170 (p. 416). 
Similarly, Equation 179 becomes 


KKK (181) 


where A is the mixing matrix given by Table 155. 
At equilibrium, Equation 180 becomes the displacement-matrix equation 


XW ev Ge (182) 
and Equation 181 becomes the mixing-matrix equation 
X = AX*, (183) 


. *. . f 
Eliminating X* from these two equations gives 


no 
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Table 155. Details of the mixing matrix, or coefficients of C* in Equation 179 
Miles from 
Co-ordinate London Ay 2 Oi ak (6A—SX—SY), Pa | Ve Y, 
number Bridge | 24. : 24 
Ne 6A, 3A, 3A, 6A, 34, | 34, 6A, 
Above 
1 18 1-0000 0 0 0 
2 16 0 1-0000 0 0 0 
3 14 0 0 0: 9426 0-0168 0-0251 0-0155 
4 12 0 0 0-0302 0-9034 0:0216 | 0-0268 0-0180 
5 10 0 0-0218 0-0510 0-8507 0-0193 0-0260 0-0312 
6 8 0-0147 0:0343 0:0524 0-8041 0-0175 0-0420 0-0350 
7 6 0-0129 0-0392 0-0470 0-7793 0-0314 0:0523 0-0379 
8 4 0:0158 0-0379 0-0505 0-7495 0-0421 0-0611 0-0431 
9 2 0-0144 0-0383 0-0511 0-7414 0-0463 0-0654 0-0431 
10 0 0-0139 0-0370 0-0487 0-7503 0-0475 0-0626 0-0400 
Below 
11 2 0-0156 0:-0409 0:-0507 0-7297 0-0526 0-0672 0-0433 
12 + 0-0182 0-0451 0-0562 0-6926 0-0597 0-0771 0-0511 
3 6 0-0184 0-0643 0-0580 0-6590 0-0629 0-0823 0-0551 
14 8 0-0183 0:0461 0:-0618 0-6557 0-0663 0-0877 0:0641 
15 10 0-0181 0-0487 0-0725 0-6216 0:-0689 0-1009 0-0693 
16 12 0:-0216 0-0642 0-0924 0-5320 0:-0892 0-1229 0-0777 
A? 14 0-0289 0:-0831 0-1116 0-4406 0-1106 0-1398 0-0854 
18 16 0-0371 0-0997 0-1252 0-3714 0-1248 0-1525 0-0893 
19 18 0-0421 0-1056 0:-1279 0-3609 0-1287 0-1506 0-0842 
20 20 0-0446 0-1082 0-1249 0-3750 0:1273 0-1423 0-0777 
21 ve 0-0523 0-1207 0-1356 0*3225 0-1376 0-1501 0-0812 
22 24 0-0598 0-1344 0: 1477 0-2622 0-1487 0-1609 0-0863 
Os 26 0-0626 0-1377 0-1489 0-2526 O-4501, |) O-161t 0-0870 
24 28 0:-0573 0-1239 0-1335 0-3306 0:-1340 | 0-1448 0-0759 
25 30 0-0489 0:-1055 0-1126 0-4345 0-1143 0-1200 0-0642 
26 32 0-0450 0-0961 0-1023 0:4856 0-1023 | 0-1096 0-0591 
a7 34 0-0418 0-0892 06-0948 0-5176 0:-0954 0-1032 0-0580 
28 36 0-0394 0-0837 0-0896 O-5331 0-0912 0-1024 0- 0606 
29 38 0-0364 0:-0778 0-0877 0:-5390 0-0888 0-1053 0-0650 
30 40 0-0319 0:0719 0:-0842 0-5501 0-0864 0-1067 0-0688 
31 42 0-0287 0-0672 0-0821 0-5533 0-0850 0-1096 0-0741 
82 44 0-0260 0-0637 0-0847 0-5515 0-0851 0-1149 0-0741 
33 46 0-0246 0:0656 0-0892 0-5385 0:0890 | 0-1150 
34 48 0-0278 0:0752 0-1012 0-5486 0-0969 
35 50 0-0278 0-0749 0-0979 09-5018 
(I—Ax)X = AG, (184) 


where I is the unit or identity matrix (if x and A were simple numbers I would, of course, be unity; in 
matrix algebra the identity matrix is one for which all the figures in the leading diagonal are unity, 
and all others are zero). 

Both A and x are matrices of the ‘banded’ type—that is, only elements near the leading diagonal 
are non-zero. Solution by the computer can be facilitated if the programme takes advantage of this. 
The National Physical Laboratory used a simplified triangular decomposition method?. 


SUBSTANCE FORMED WITHIN ESTUARY 


The destruction of one substance in the estuary generally implies the formation of another. 
For instance, the hydrolysis of protein represents ‘destruction’ of organic nitrogen and formation 
of ammonia, and nitrification represents destruction of ammonia and formation of nitrate. If the 
substance for which the distribution is to be calculated is one which is formed in the estuary, 
allowance must be made for this as well as for the addition from land sources covered by the 
preceding paragraphs. 

Consider the formation of a substance, of which the distribution is Y, from a substance of 
which the distribution is X. The distribution X is given by Equation 180 in which Gy is derived 
from Equation 170 (p. 416). If this substance were a conservative one, Equation 180 would become 


XOX, + GS (185) 


where b is the basic displacement matrix defined on p. 417, and the elements of the vector Gx are 
obtained from Equation 170 by putting F equal to zero—that is 


! 
Nptn 


= 1D Lit). (186) 
i=0 


(86724) 2E 2 
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The decrease in concentration of this substance due to its destruction is thus given by subtracting 
the right-hand side of Equation 180 from the corresponding expression of Equation 185. 
If destruction of unit mass of this substance gives rise to w units of the second substance, then the 
increase in concentration, I';-y, of the latter will be w times the decrease of the former, thus 


Pyxy = w{(b—x)X, + (Gx-—Gx)}, (187) 


where the subscript } denotes the contribution to the distribution Y made by the formation 
of the substance from that of which the distribution is X. 
It follows from Equations 175 and 176 (p. 417) that 


— “Py at 
(b—x)X, = b(1-e J )Xs (188) 


substitution in Equation 187 of this last expression, and of the expanded forms of Gy and Gy 
from Equations 170 and 186, thus gives 


—| Fydt n = "Fy dt 
a a of B(1 ate J )X +O Lx, (tia — 4) (1 aie be, )| »ot189)e 
i=0 


where, as before, ¢; = $(t;+¢,,,). The distribution of the second substance is then given by an 
equation of the form of Equation 180, but with the addition of the term ['; x to allow for the formation 
of substance within the estuary. Thus 


YF =yY,+ Gy +Tyx;, (190) 


where y is the displacement matrix for Y. 


In deriving these last equations no account has been taken of destruction, during the time 7, 
of the second substance formed from the first. The contribution '; , may be lessened by such destruc- 
tion, in the same way as the input vectors Gy and Gy contain terms to allow for destruction of material 
added during the time 7.\'The term in X, in Equation 189 represents the contribution to the 
distribution Y due to the destruction of the substance in the distribution X, during the time 7. 
This destruction continues throughout the displacement; at time zero there will be no contribution 
to Y, and at time 7 the total amount formed will be given by the term in X, of Equation 189. The 
destruction of the second substance may thus be considered to be operating during the second half 
of the interval 7 on the whole of this term. (Although this treatment is not entirely accurate, the 
resulting error is very small since this decay term is itself small in comparison with the total value Y.) 
The remaining expression in Equation 189 is concerned with the entry, from land sources during 
the displacement, of that part of the first substance which is converted to the second substance 
before the end of the displacement. Analogously the decay of the second substance is considered 
to operate during the latter half of the remaining part of the displacement, that is from 
$7+4(t;+1t,,,) to 7. Equation 189 must therefore be modified to give 


t 


~|' Pr, at Lat} Le ae n a [aan 2) ee 
Pyx=o{b(1 cma. J i )Xoe Je ; +d) boceae (us 4)(1 mek Je é é Je, : |, (191) 
i=0 


where ¢’) = $7 + 4(t;+1,,,). In some particular cases this equation is much simpler: when the 

displacement, o, is less than the interval, w, between the chosen points, the summation term 

simplifies in the same way as Equation 170 (p. 416) simplifies to Equation 171; in some cases 

Fy = 0, so that Equation 189 applies; and approximations may frequently be used for the exponential 

terms involving Fy without introducing any significant error. : 
At equilibrium X = X, and Equation 191 may be written in condensed form as 


Tyx = My xX ae Vyx- (192) 


The term Py thus consists of a matrix (my x) multiplied by the distribution X, and a vector 
(yy x) depending on the discharges of this first substance to the estuary; the matrix and vector may ~ 
be evaluated before the distribution X has been obtained. By supplying the vector, and the matrix 


; 


=['F, at af “ Pydt } 
myx = ob(1—e 0 je pride i (193). 


to the computer and programming it to calculate my, X, the distributions X and Y may be calculated — 


in one operation. 
, 


+ Equations 189 and 191 arg in a convenient though mathematically incorrect form: the left-hand side and the first part : 
of the right-hand side of each of these equations are in matrix form, whereas the second part of the right-hand side gives 
only the general term in the individual elements which together make up the vector. : 
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CALCULATION OF DISTRIBUTIONS OF DISSOLVED OXYGEN 
AND ASSOCIATED SUBSTANCES 


The particular cases of most importance in the present work are the calculations of the distri- 
butions of dissolved oxygen, and of ammoniacal and oxidized nitrogen. These distributions are 
inter-related and so they are all calculated during the same series of operations. 

To avoid unnecessary conversion factors in the subsequent matrix equations, it is convenient 
to express all concentrations in terms of the oxygen utilized or liberated by the ‘destruction’ of the 
particular substances—that is, in terms of the oxygen equivalent. Thus, if oxygen concentrations 
(or deficiencies) are expressed in p.p.m., the concentrations of ammoniacal and organic nitrogen 
(in the same units) are multiplied by 4-57 since the oxidation, to nitrate, of unit weight of nitrogen 
requires 4-57 units of oxygen (p. 221). The corresponding factor for the reduction of nitric to 
molecular nitrogen is 2-86 (p. 342); this is further discussed on the next page. 


ASSUMPTIONS 


The present chapter is primarily concerned with the mathematical principles of calculating 
distributions of dissolved substances in the estuary, and the evidence for the Jaws that are assumed 
for the destruction of these substances is more conveniently considered in Chapter 17 (see 
pp. 459-462). It is, however, necessary to state here the assumptions that are made in the calculations. 
These are that: 


1. The rate of oxidation of organic carbon is independent of the concentration of dissolved 
oxygen. 


2. Where the concentration of dissolved oxygen is greater than 5 per cent saturation, the rate 
of nitrification is proportional to the concentration of ammonia present. 


3. When nitrification at the above rate would reduce the oxygen content to less than 5 per cent, 
the rate of nitrification is restricted so as to maintain the oxygen content at this value 
so long as this is possible. 

4. Where, owing to oxidation of organic carbon, the oxygen content would fall below 5 per 
cent even in the absence of nitrification, not only does nitrification cease but nitrate is 
reduced to molecular nitrogen at a rate sufficient to maintain the oxygen level—so long 
as some nitrate is present the oxygen content does not fall below 5 per cent. 


_ 5. Where both dissolved oxygen and nitrate are absent, oxidation of organic carbon is 
maintained at the same rate by reduction of sulphate (no allowance is made for re-oxidation 


of the sulphide produced). 


The method of calculation is to assume initially that there will be no restriction of nitrification, 
and no reduction of nitrate or sulphate. If the minimum calculated concentration of dissolved 
oxygen is not less than 5 per cent saturation, the calculated distributions are the solutions required. 
If values less than 5 per cent are found, a further term is added to some of the matrix equations 
to allow for the restriction of nitrification; if these lead to no oxygen figure below 5 per cent, the 
required solutions have been obtained. If, however, values less than 5 per cent are found even 
when nitrification has ceased, a further term is introduced to allow for the reduction of nitrate, 
and, if this leads to negative concentrations of dissolved oxygen when all the nitrate has been 
reduced, a final term is included to allow for the reduction of sulphate. To obtain the required 
distributions, it may thus be necessary to solve up to four sets of matrix equations which are derived 
below. (Much of the remainder of this chapter has already been published? in collaboration with 
the National Physical Laboratory.) 


INITIAL CALCULATIONS 
Distribution of carbon 
In Chapters 8 and 9 it was shown that the oxidation of organic carbon was not always complete 
and (in particular on pp. 226-227) that the part considered to be oxidizable could be assumed to 
consist of two types: the ‘fast’ and ‘slow’, where the rate of oxidation of the former was five times 
that of the latter. Let P and O een the oxygen equivalents of the concentrations of the fast 
and slow constituents respectively—these correspond to the coefficients of the exponential terms 


in Equation 35 (p. 227). Then, from Equation 182 (p. 418), 

P* = pP+ Gp, (194) 
and 

O* = qQO+ Go, (195) 


where p, q are the respective displacement matrices and Gp, Gg the corresponding vectors for the 
tise in concentration due to additions of carbon within the displacement. The rate of oxidation 
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of each type of oxidizable organic carbon is assumed to be proportional to its concentration—the 
constant of proportionality being the k of Equation 23 (p. 214) for ‘fast’ carbon, and ¢ for ‘slow’ 
carbon. Equation 162 (p. 413) therefore applies with F equal tn k, or to $k. For ‘fast’ carbon 


-— vp 


the exponential terms in Equations 175 and 176 (p. 417) then become e~*” and multiplying the — 


individual entries in the basic displacement matrix by this factor gives the matrix p; similarly, 
for ‘slow’ carbon the exponential terms become e~*"® giving the matrix q. Since variations in 
temperature along the estuary give rise to changes in k, and hence in e~* and e-*7/*, neither 
p nor q can, in general, be obtained by multiplying the whole basic displacement matrix by a 
single numerical factor. 

The data from which the vectors Gp and Gg are obtained are the values of E,, derived in 
Chapter 9, or any other particular or hypothetical carbonaceous loads that require consideration. 

Equation 183 (p. 418) applies to both P and Q, so that Equation 184 leads to 


(I—Ap)P = AGp, (196) 
and 


(I—Aq)Q = AGQ, (197) 


the mixing matrix (A) applying to all substances. 


Distribution of ammonia 


The concentrations of the oxygen equivalent of ammoniacal nitrogen will be represented by R, 
the displacement matrix by r, and the input vector by Gp. In addition to the direct discharge 
of ammonia, some is formed within the estuary by hydrolysis of organic nitrogen, and on p. 228 
it was stated that ‘the organic nitrogen contributing to the effective load will be assumed to be 
hydrolysed to ammonia with the same rate-constants as for the oxidation of the carbon present, 


the ammonia thus formed then being oxidized at the appropriate rate for that substance.’ It is 


therefore necessary to consider first the organic nitrogen, and, by using Equations 196 and 197 
with substitution of the data for organic nitrogen in place of those for organic carbon (but with the 
same displacement matrices), to obtain the equilibrium distributions of ‘fast’ and ‘slow’ organic 
nitrogen. The rate of increase in concentration of ammonia, by its formation from ‘fast’ organic 
nitrogen, is then given by Equation 191, with Fy equal to k, Fy equal to x, and w equal to unity. 
The rate of increase from ‘slow’ organic nitrogen is given in the same way but with Fy equal to 
tk, and the total rate of increase in ammonia by hydrolysis of organic nitrogen is obtained by 
adding the two resulting distributions. This total rate, when added to the rate (Gp) for the direct 
discharge of ammonia to the estuary, may be expressed as a single vector Jp. The oxidation of 
ammonia is assumed to take place exponentially under these conditions of oxygen not being 
limiting (p. 224) and the matrix r differs from p only in that, when deriving r from Equations 175 
and 176 (p. 417), F is replaced by « instead of by k; the value of « is given by Equation 29 (p. 219). 
The equations relating to the distribution of ammoniacal nitrogen are thus similar to Equations 194 
and 195— 

R* = rR + Jr, (198) 
and to Equations 196 and 197— 

(I—Aar)R = AJp. (199) 


Distribution of nitrate 


Nitrate enters the estuary in fresh water and industrial effluents, and in some sewage effluents. 
It is also formed in the estuary by the oxidation of ammonia. Let S represent the oxygen equivalent 
of oxidized nitrogen, s the basic displacement matrixt (since nitrate is considered to be an inert 
substance when oxygen is not limiting), and Gg the corresponding input vector. This oxygen 
equivalent may be defined either as the oxygen required to form nitrate from ammonia, or as that 
made available for oxidation of carbon on reduction to molecular nitrogen; although at this stage 
nitrate is considered to be inert, it is more convenient to use the latter definition which 
gives figures which are five-eighths of those given by the former. The rate of supply of nitrate 
by oxidation of ammonia is given by Equation 191 with X replaced by R, and Y by S; Fx then 
becomes x, Fy becomes zero, and w is equal to five-eighths. In terms of Equation 192 it is 
convenient to include the vector yg with the nitrate input vector Gg to give a single vector Jg. 
The matrix, which, in terms of Equation 192 would be mg, will be denoted by u. 

The displacement-matrix equation (p. 418) for oxidized nitrogen is thus given by 


S*=sS+Jg+uR, (200) 
and the equation combining this with the mixing-matrix equation is 
(I—As)S = A(Jg+uR). (201) 


- ; id ; rag : : oe 
t The symbol s is used in preference to b (introduced on p. 417) as this gives a less confusing notation for the remaining 
equations in the chapter, 
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Distribution of oxygen deficiency 


The equations relating to the oxygen content of the water, are expressed in terms of oxygen 
deficiency 7. In Equations 175 and 176 (p. 417), F for this ‘substance’ is f/x from Equation 168 
(p. 414), and the appropriate displacement matrix will be denoted by t. Oxygen is removed (that is, 
oxygen deficiency is produced) by the oxidation of ‘fast’ carbon, of ‘slow’ carbon, and of ammonia. 
This gives rise to terms Ip, pg, and pz, each of which will consist of the corresponding matrices 
m and vectors y. ‘I’o reduce the number of terms in the equations for oxygen deficiency, the whole 
of the term I'pg for the oxidation of ‘slow’ carbon, and the vectors ypp and ypp, have been taken 
with the oxygen deficiency input vector Gy to give a single vector J»; mp will be denoted by v, 
and mpp by w. 

The displacement-matrix equation for oxygen deficiency is thus 


T* =tT+Jp+vP+wR, (202) 
and the equation combining this with the mixing-matrix equation is 
(I—Aat)T = A(Jrp+vP+wk). (203) 


Summary 


Equations 196, 197, 199, 201, and 203 together provide the required solutions; each of the 
equations gives the equilibrium concentration of a different substance and does not necessitate 
the evaluation separately of the concentration after displacement and after mixing. As suggested by 
Table 155 (p. 419), the concentrations in the Thames Estuary were obtained for 35 points at 2-mile 
intervals. Thus, A, p, q, r, s, t, u, v, w were matrices of order 35 x 35, and Gp, Gg, Jr, Js, Jr 
were vectors of order 35 x 1. 


ALLOWANCE FOR RESTRICTED NITRIFICATION 


If any value of T given by Equation 203 exceeds 0-957, where T,, is the solubility of dissolved 
oxygen, it means that the calculated concentration of dissolved oxygen is less than 5 per cent 
saturation. ‘The distributions, P and Q, calculated for organic carbon will be correct, but owing to 
the restriction of nitrification (Assumption 3, p. 421) the concentration of ammonia will have been 
underestimated at some points in the estuary, and the values for nitrate and oxygen deficit 
overestimated. 

An alternative form of Equation 184 (p. 419) for equilibrium conditions, when X, = X, = X, 
may be obtained by eliminating X* from Equations 180 and 181: 


Rep ee race (204) 


In developing the equations which make allowance for restricted nitrification, it is convenient 
to rewrite Equations 199, 201, and 203 in this form; thus 


R, = A(rRy+Jp), (205) 
S, = A(sSot+JgtuR), (206) 

and 
T, = A(tT) +Jr+vP+wR), (207) 


where the subscripts , and , denote the values before and after the time interval r. Let a function U 
be the distribution of the oxygen equivalent of the ammonia which is not oxidized during the time + 
owing to the restriction imposed on nitrification. This quantity must then be added to the right-hand 
side of Equation 205 (since this restriction gives an increase in the amount of ammonia present 
after time 7), 3U must be subtracted from the right-hand side of Equation 206 (since an increase 
of U in the oxygen equivalent of the ammonia results in a decrease of 3 U in that of nitrate produced), 
and U must be subtracted from the right-hand side of Equation 207 (since the decrease in oxygen 
deficiency is the oxygen equivalent of the decrease in ammonia oxidized). ‘Thus these three equations 
are modified to give 


R, = ArR,+Jr) + U; (208) 
S, = A(sSptJg+uR) — gU, (209) 

and 
T, = A(tT,)+Jrp+vP+wR) — U. (210) 
Under equilibrium conditions, R, = Ry = 8, etc., so that the equations may be rearranged to give 
(I—Ar)R = AJpt U, (211) 
(I-As)S = A(UJs+uk) — 3U, (212) 

and 


(I—at)T = AJp+vP+wR) — U. (213) 
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The values of U cannot be calculated and must be found by trial and error. This may generally 
be done fairly readily with the degree of accuracy normally required. The individual values, U,, 
are subject to the following restrictions: 


when T,. < 0:95T,, 


U,=0; (214) 

when 7, = 0°95T7 7; 
0 < U, < S(uR),; (215) 

when Gh> 079575", 
U, = $(uR),, (216) 


where the subscript , indicates the value at the position rw. ‘Thus, in guessing the values of U, it is 
necessary to consider only those of the chosen points for which 7, (as found from Equation 203) 
exceeded 0:957,; the values of U, may be taken as roughly proportional to T,—0-957,, and 
the maximum value must not exceed $(uk),. Once the values of U, have been decided on, Equations 
211-213 are solved for R, S, and T. If it is then found that any of the new values of T,, exceed 
0-957. the values of U,, must be adjusted accordingly and the equations solved again. If values of 
U, can be found such that Equations 214 and 215 are satisfied, and no value of 7), exceeds 0-957, 
a final solution has been obtained. This solution may not be unique but the effects of discrepancies 
between different solutions are small; the most accurate solution is considered to be that which 
permits nitrification to proceed as fast as the conditions in Equations 214 and 215 allow. The method 
of determining suitable values of U, is less involved than this description implies. After a few cases 
have been solved in this way, a satisfactory solution can generally be attained after about five trials; 
an example of the type of calculation is discussed on pp. 475-476. 


ALLOWANCE FOR DENITRIFICATION 


If it becomes clear that, even when individual values of U, in Equation 213 are made equal 
to $(uR),, some values of 7', will exceed 0-957,, allowance must be made for denitrification 
(Assumption 4, p. 421). This is done by subtracting a further term V from the right-hand side 
of Equations 209 and 210 to give 


S, = A(sS)+ Jgt+uk) —32U-V, (217) 
and 
T, = A(tT)>+jJp+vP+wR)-U-V/; (218) 


V is thus the oxygen equivalent of the nitrate reduced during the time 7—the distributions of 
nitrate and of oxygen deficiency being decreased by the same amount. Under equilibrium conditions, 
these equations may be rearranged to give 

(I—As)S = A(J/g+uR) — 3U — V, (219) 


and 


the ammonia distribution is unaffected, so that Equation 211 still applies. 
The values of V (like those of U) cannot be calculated but must be found by trial and error 
(pp. 476-479). The individual values, V,, are subject to the following restrictions: 


WHE ae Le. 


V, = 0; (221) 
when 0 < U, < &(uR),, 
V, = 0; (222) 
when U, = 8(uR),, 
0 ~< y < ek le (223) 


(I—Aat)T = A(VJp+vP+wk)-—U-V; (220) | 


where insertion of V,,,, for V in Equation 219 would give S, = 0. The method for obtaining | . 


suitable values of V, is thus similar to that for U,. If it is possible to arrive at a satisfactory solution, 
all the required distributions P, Q, R, S, T are then known. 


ALLOWANCE FOR SULPHATE REDUCTION 


In spite of U and V having their maximum permitted values, some of the values of T,, 
calculated from Equation 220, may exceed 7',. This corresponds to a negative concentration of 
dissolved oxygen which is clearly impossible. It is then assumed that sulphate is reduced in accordance 


with Assumption 5, p. 421. A final term, W, is subtracted from the right-hand side of Equation 218 
to allow for this reduction; thus, 


J 
T, = A(tT) +p + VP+ wR) SW. (224) 


0) ca i eer ei) i 


~~ aan 
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At equilibrium this equation after rearranging becomes 
(I—Aat)T = A(Jp+vP+wR)-U-V-—W. (225) 
The restrictions on the magnitude of W are that 


when V. < UY rly 
Wea (226) 
Seno. = (V,ax)ys 


WV, a GU neat (227) 


where use of W,,,, in Equation 225 would give 7, = T,. Suitable values of W are found in a 
similar way to that used for U and V (pp. 476-479). U, V, and W are vectors of order 35 x 1. 
The complete set of equations which allows for all contingencies, expressed explicitly, is thus 











AG. 
ge aE (228) 

Q= pe (229) 

Rie Bisedies (230) 

on AG nalhen Uke 2 231) 

T = cial cs U-—V-— 7 (232) 


BRAC TICAR’CONSIDERATIONS 


When matrices have to be used a number of times, it is convenient to use a General Interpretive 
Programme’. ‘Typical instructions to the computer take the form A.B.C.X which means ‘take the 
matrices (or vectors) stored at references A and B, operate on these using the X’th matrix operation, 
and store the answer at reference C.’ The required matrix operations may be drawn from a library 
of sub-programmes. 

Owing to the limited capacity of the DEUCE to store numbers for ready reference, the identity 
matrix, minus the product of the mixing matrix with each displacement matrix in turn—that is, 
I—Ap, I—Aq, .. . , 1—At—was prepared initially and then punched in a condensed form on cards. 

The complete procedure at the National Physical Laboratory, when the equations were solved 
in the way they were developed above (together with the running times of the DEUCE) was 


1. Check and punch decimal data, form I—Ap etc., solve equations for P and O (45 min). 
2. Solve for R, S, and T with U, V, and W equal to zero (114 min). 
3. Refer back for estimates of U. 
4. Solve with non-zero U (12 min). 
5. (a) Repeat 3 and 4 as necessary, and then 

(5) refer back for estimates of U and V. 
. Solve with non-zero U and V (15 min). 
7. (a) Repeat 5(b) and 6 as necessary, and then 

(b) refer back for estimates of U, V, and W. 

8. Solve with non-zero U, V, and W (15 min). 
9. Repeat 7(b) and 8 as necessary. 


io 


The times indicate the impracticability of calculating the distributions without the aid of an 
electronic computer. The simpler cases, where U = V = W = 0, can be solved on desk machines 
using equations in a different form'. These require initial guessing of 7, and the successive 
calculation of T*, T,, TX, T.,, ..., until there is no significant difference between Ti, and 
T(41)7; the work is shortened in practice by intelligent guessing of 7 and by estimating from, 
for example, 7, and 7, what the final distribution is likely to be. These iterative calculations are 
similar to those discussed in the next chapter which were, however, processed on a computer. 

An analysis of the number of iterations required in calculating the distributions of dissolved 
oxygen and associated substances, for the 48 quarters of 1950-1961, is shown in ‘Table 156. 
(These calculations are discussed at length in Chapter 17.) Only two of the solutions were obtained 
with U (and hence V and W) equal to zero. 
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Table 156. Details of calculations of sets of distributions for 48 quarters, 1950-1961 




















Iterations with sis oF 
Number iterations 
Final solution of 
cases | 
U,V,W=0|U40; V,W =0)|U, V40; W =0) U,V, WH0) TPotal |Averace 

CV a We—10 2 2 — — — 2 1-0 
Uea0 i V0 6 1 6 — — 7 12) 
Os 05 We 0 33 2 40 133 —_ Wh) 5<3 
U,V,W+~0 7 1 6 5 Ze 39 5:°6 
Total 48 6 52 138 LF ae3 4:6 























In the first four calculations made, it was initially assumed that U, V, and W were each equal to 
zero; non-zero values of these terms were then obtained successively. ‘The results of these calculations 
gave sufficient information about the magnitude of U to make it possible to make reasonable estimates 
of U for use in the initial stages of the remaining calculations, thus reducing the computer 


time required. 


The calculation of these 48 sets of distributions, which required a total of 223 iterations, 
occupied nearly 90 h of computer time. Satisfactory solutions were obtained with an average of 
4-6 iterations taking about 1 h 50 min. The total computer time involved in all stages of the work 


described in the remaining chapters was nearly 500 h. 
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CHAPTER 16 


Temperature 


Many of the factors which determine the condition of the estuary are affected by temperature, 
the most important being the rate of oxidation of organic matter, the rate of solution of atmospheric 
oxygen, and the solubility of oxygen in water. It was therefore considered essential to study these 
effects and also to examine the factors which influence temperature itself. 

In the present chapter the various sources of heat are considered and then the distribution of 
temperature along the estuary is examined. If changes are made in the amount of heat discharged— 
and such changes are continually being made by introduction of new generating plant using 
estuary water for cooling purposes and by variations in the output from existing plant—then it is 
necessary to be able to predict their effect on the temperature of the water. 

For this to be done the rate of exchange of heat between the water and the air must be found—or 
rather the rate of loss of any heat that may be added to the estuary. The exchange will depend on 
numerous factors such as the temperature and turbulence of the water, the temperature and humidity 
of the air, the wind velocity, and the radiation received from the sun. However, the water in the 
estuary (except perhaps in the uppermost reaches) is sufficiently deep for changes in temperature 
to occur only slowly, and since all the subsequent calculations are made for steady conditions 
it is not necessary to relate the temperature of the water to each of these factors. The method 
adopted was to examine the records of the temperature of the estuary between 50 and 100 years ago 
(during which time the artificial heating must have been very slight in comparison with that during 
recent years) and to relate this temperature to the prevailing air temperature; in this way it was 
found possible to predict from the air temperature what the water temperature would have been 
had there been no artificial heating. The next stage was to relate the input of heat to the excess of the 
observed temperature over the temperature in the absence of heating. It was then possible to 
predict the effect of any particular change in the rate of input of heat. The effects of temperature 
on the condition of the estuary are considered on pp. 521-526. 


SOURCES OF HEAT 


The various sources of heat have been grouped as follows: 


1. Power stations. 

2. Industrial discharges. 
3. Sewage effluents. 

4. Fresh-water discharges. 
5. Biochemical activity. 


The majority of the figures given for heat discharged refer to 1951-54, during which period 
the temperature of the estuary was measured by the Laboratory (pp. 169-170). ‘The original work 
was completed and published! in 1957; more recent information is given for some of the larger 
sources of heat. 


Units 


Although temperatures are expressed in °C throughout this Report, it is convenient to use 
10° British Thermal Units (Btu) per day as the unit of rate of entry of heat. ‘Thus, if water is removed 
from the estuary at a rate of 1 m.g.d. and is returned after being heated through 1 deg’, the rate of 
entry of heat is 0-01 Unit. 


POWER STATIONS 


Detailed information of the heat discharged monthly from those power stations which generated 
electricity for supply to the public, and rejected heat direct to the estuary during 1932, 1936, 1941, 
1946, 1949, and 1951-54 were supplied by the Central Electricity Authority*; similar information 
for 1949-1954 was supplied for two power stations producing electricity for the London Transport 
Executive and for one operated by the Ford Motor Company. The average rate of discharge of 
heat from the first group of power stations, in the years for which detailed information has been 
obtained (and also in some later years), is shown in Fig. 231; the positions of these power stations, 


* Formerly the British Electricity Authority, and subsequently the Central Electricity Generating Board. 


427 


428 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


and their average rates of discharge of heat in 1951-54 are shown in Fig. 232. When the quarterly 
averages were examined it was found that—as might be expected—the first and fourth quarters 
of the year showed the greatest output of heat; the average discharges for the first to fourth 
quarters respectively, during 1951-54, expressed as percentages of the overall average, were 112, 
90, 84, and 114. Detailed averages for 1951 are given in Table 157, in the fourth column of which 
is shown the reference by which each station may be found in Fig. 48 (p. 62); the positions in the 
second and third columns refer to the point of discharge which is not necessarily the same as the 
position of the station—for instance, Battersea, Bankside, and Deptford Stations are all on the 
south bank but have discharges which enter the estuary nearer to the north bank. Not all the 
stations indicated in Fig. 48 are referred to in Table 157; three belong to other authorities (see 
Table 158) and the others—which had not been commissioned by 1951—are 


G 12. Brunswick Wharf, G17 Belvedere, 
G19 West Thurrock, G20 Northfleet, 
G 22 Tilbury. 
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Fic. 231. Average rate of direct heat rejection to estuary by power stations generating electricity 
for public supply 


Encircled points, years starting Ist January; crosses, years starting Ist April (data for Kingston 
Power Station were inadvertently included in the results for 1956 and 1958 which should be 
plotted at 270 and 262 Units respectively) 


Values for 1965 and 1968 from C.E.G.B. predictions 
Straight line obtained by linear regression of data for 1936-1954 






Future development of C.E.G.B. stations 


During 1949 the average total capacity of the Thameside generating plant (excluding that of the 
London Transport Executive and Ford Motor Company) was 1991 MW and the average rat 
of generating power was 946 MW, or 474 per cent of the capacity; the total rate of rejection 0! 
heat to the estuary was 165 Units. Up to 1953-54 the rate of heat rejection had been rising fairl 
steadily for many years (Fig. 231) but from an average figure of 217 Units in 1954* it rose rapidly 
to 270 Units in 1956. In the next four years the rate fell slightly and then rose again to 280 Units 
in 1960. With regard to the future, the Central Electricity Generating Board provided the following 
information in October 1963: 


* This year and each year mentioned subsequently, to the end of the next paragraph, is for the twelve month 
starting 1st April. 


Sol Ma | 


HEAT REJECTED (IO°Btu/day) 


_ 
= 


TEMPERATURE 





WG 
SoS 


NO 
=) 











= 


S) 





| 


Battersea, 
Deptford 





20 


alld 
LO Above Below !9 






Littlebrook 

















20 


“30 


MILES FROM LONDON BRIDGE 


Fic. 232. Average rates of direct heat rejection to estuary in 
1951-54 by power stations generating electricity for public supply 
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Table 157. Rate of rejection of heat to estuary in 1951 by power stations generating electricity for 






































public supply 
Point of discharge Heat rejected (10° Btu/day) Moeare 
Reference on (per cent 
Station ove map Fig. 48 of 
, eee ee eM hon (pi 62) Ist and | 3rd 4th | total heat 
Bridse pan Quarter | Quarter | Quarter | Quarter rejected ) 
Barnes 11-2 above S G1 0-50 0-14 0-03 0-18 0-12 
Hammersmith oe, N G2 1-08 0-66 0-29 0-44 0-33 
Fulham bo) aes N G3 38-6 28-0 28-7 41-0 18:5 
Lombard Road Sei. ,; S G4 1:56 1-06 0-57 0-78 0-54 
Battersea S107) ee N&S G6 Sola 29*2 25°F 34-6 17:1 
Bankside Oi |, 5 N G7 Te22 4-76 4-22 4-69 2-83 
Stepney 2:6 below N G8 7-18 5-49 2-3 4-88 2:69 
Deptford West Le ae N G9 PH oe) 17:8 16-4 221 10-6 
Deptford East Aes)! N G10 10-0 9-0 8:8 8-6 4-92 
Blackwall WI AS S G13 0-00 0-00 0-80 2°79 0-49 
Woolwich 96) 915; S G14 8-39 7:36 5-34 6:05 3-68 
Barking NV DCOD een N G15 54:1 43-8 40-5 54-0 26:1 
Littlebrook 1 2 3 a ae S G18 27-6 23°3 14:9 21-6 11-8 
Gravesend BO. 5 S G21 0-93 0-71 0:46 0-44 0-34 
Total DAS 5 il7/Alior 149-0 202-2 100-0 











Although the generating capacity on the lower reaches of the Thames Estuary will continue 


to increase, the average utilization of the existing plant will diminish on account of base-load 
imports of electricity to the London area from the East Midlands over the super-grid system, 
and to the base-load operation of nuclear stations elsewhere. Moreover, the additional plant 
on the Thames will operate at a much improved thermal efficiency. It is now estimated that 
in 1965 when allowance has been made for the increasing consumption of electricity in the 
South East, and for the National Economic Development Council’s objective of a national 
growth-rate of 4 per cent per annum, the rate of heat rejection will be some 40 per cent greater 
than in 1960. However, during this period the shift of generation to new stations more than 
15 miles downstream from London Bridge will continue, and from 1962 to 1965 the contribution 
from the stations upstream of this point will be reduced from 60 to 35 per cent of the heat 
rejected to the estuary by the C.E.G.B. stations. In addition, during this period the ratio of the 
heat rejected per day in the summer compared with that in the winter by the older stations 
upstream of London Bridge will be progressively reduced due to the increasing base-load 
import of power to the London area, minimizing the demand on this existing plant which 
will be required to be utilized fully only during winter peak-load times. 


Other power stations 


The London Transport Executive has provided details of the heat rejected from the power 


stations at Lots Road and East Greenwich, and the average values for 1951-54 are given in Table 
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158; the seasonal variation in generation of electricity at these stations is slight in comparison with 
that at the public-supply stations. In the same table is included the corresponding average for the 
heat rejected from the power station of the Ford Motor Company at Dagenham. This station is 
operated at a steady rate for six months at a time; during the period covered by the table the average 
rate of rejection of heat from April to September was 4-9 Units, and from October to March 
6-7 Units. Since then there has been an upward trend in the amount of heat discharged; in 1956 
the yearly average was 6:3 Units (the figures for the summer and winter periods being 5-4 and 
7-2 Units respectively) and in 1961 it was 7-4 Units (summer 7-1; winter 7-7). 


Table 158. Average rate of rejection of heat to estuary by power stations of 
London Transport Executive and Ford Motor Company in 1951-54 























Point of discharge 
Reference on 
Stati Fig. 48 | 10° Btu/d 
mai Miles from | Near north dit 62) mbar 
London or south ‘ 
Bridge bank 
Lots Road 5-3 above N G5 11-3 
East Greenwich | 5:1 below S Gill 6:6 
Ford Motor Co. 141577 N G16 5:8 
Sante Alene elastic, enensnrescremnacns wed mmnenccece 


The figure of 5-8 Units for the Ford Motor Company was not supplied until after the final 


calculations of the distribution of temperature in the estuary had been made from a knowledge of 
the rates of discharge of heat to it; in these, an earlier estimate of 8-7 Units (7-5 in the summer and 
9-8 in the winter) was used. With a flow of 170 m.g.d. at Teddington, this difference will lead to a 
maximum discrepancy in the calculated temperature of less than 0-05 degC. 


INDUSTRIAL DISCHARGES 


Gas works, paper mills, and sugar refineries are the chief industries which discharge heat 
direct to the estuary; information on the amount of heat was obtained from measurements and 
estimates made by the Laboratory, and from information supplied by the North Thames and South 
Eastern Gas Boards, the Port of London Authority, and the various firms concerned. Efforts were 
made to obtain proportionately more accurate information for the largest sources of heat than was 
possible for the smaller ones, but few of the figures are very reliable—those for the difference 
between effluent and influent temperatures may be 20 per cent in error, and the flows of condenser 
water are generally known only approximately. 

When condenser water is taken from the estuary and returned to it after heating, the heat 
discharged is the product of the flow and the increase in temperature, and in many cases is approxi- 
mately constant throughout the year. When process water is obtained from water mains, or from 
wells, the heat which is discharged is calculated from the product of the flow and the difference 
between the temperature of the effluent and that which would have obtained in the estuary at the 
point of discharge had there been no artificial heating. 

The various sources of heat are shown in Table 159; effluents contributing less than 0-1 Unit 
have not been included. The total estimated rate of heat rejection from the sources listed was 
19-4 Units. 


Correspondence with each of these concerns at the end of 1956 indicated that the figures given 


in Table 159 were still substantially correct at that time: the discharge of heat from the sugar 
refinery [11 was estimated to have increased to 2:5 Units, that from the paper mill 120 to have in- 
creased to 0-6 Unit; the distillery 116 was closed at the end of 1957. It is estimated that by 1960 the 
discharge from East Greenwich Gas Works had risen to about 8-2 Units; this was then by far the 
largest direct discharge of heat from an industrial concern (apart from power stations). 


SEWAGE EFFLUENTS 


The heat discharged to the estuary by a sewage effluent is assumed to be equal to the product 
of the volume discharged and the excess of the temperature of the effluent over that of the estuary 
in the absence of all heated discharges; the latter temperature is found by the methods developed 
on pp. 440-446. 
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Table 159. Estimated average rate of direct rejection of heat to estuary by industrial 
sources upstream of 32 miles below London Bridge 


Data mainly for 1952-53 























Point of discharge 
Teer Reference on 
, 9 
ndustrial concern VAs yeahs gk Peale 3 48 | 10° Btu/day 
London south ; 
Bridge bank 
Brentford Gas Works 13-4 above N Ii 1-0 
Sugar refinery : Se Ura | N | 2 OFZ 
Wandsworth Gas Works On Spree S 13 0:6 
Glucose and maize products factory b6"G) S 14 0:3 
Fulham Gas Works D5 Sues | N I5 0-9* 
Flour mill 5a S 16 0-2 
Rotherhithe Gas Works 1-7 below Ss I7 0:8 
East Greenwich Gas Works Talia Ss 18 2:0f 
Sugar refinery TOE. Pp N I11 2-0 
Sugar refinery ee N 113 3-0 
Beckton Gas Works Lig Fee N 115 1-3 
Distillery L3v4ee N 116 0-3 
Edible-oil refinery SSS" 2. Ss 117 0-4 
Paper mill IS 22a e.. Ss 119 Oe 
Paper miil (ysre2 oo Ss 120 0-3 
Board mill 10327) N 122 1-0 
Paper mill 21 pas 8 Ss 124 1-0 
Paper mill DAB os Ss 126 1-0 
Paper mill D5) See es = 127 1-8 
Paper mill PASE vere S. 128 1-1 
Total 19-4 





* Includes 0-3 for electrical plant. 
} Seven outfalls between 6-5 and 7:5 miles below London Bridge; includes associated works. 
£1-5 in 1950, 2-6 in 1955, 8-2 in 1960. 


Northern Outfall 


Temperatures of the influent to the activated-sludge plant at Northern Outfall Sewage Works 
were taken throughout 1947 and 1948 by the London County Council. Since the beginning of 1949 
the temperature of the effluent from the activated-sludge plant has been measured each weekday, 
1h before the local low water occurring during the daytime. The temperatures are recorded to 
1 degC (except for occasional readings which end in -5°C). ‘To determine whether these temperatures 
were likely to be representative of the average temperature of the final mixed effluent, two recording 
thermometers were installed for a week by the Laboratory. The average temperature of the final 
effluent was not found to differ significantly from the average of the daily readings of the L.C.C., 
and these readings were therefore used in calculating the heat discharged to the estuary. 

Quarterly averages of the temperature of the Thames off Northern Outfall, in the absence of 
all heated discharges, were calculated for each quarter of the years from 1947 to 1952, and the 
excess of the temperature of the effluent over this estimated temperature was found. The average 
excess temperature for all the first quarters was 6-2 degC, and for the other quarters 2-3, 1-3, 
and 5-4 degC respectively; the mean value for all quarters was 3-8 degC. 

Taking the products of each quarterly excess temperature and the corresponding average for 
the flow of sewage, the rate of discharge of heat has been found for each quarter of 1949 to 1952. 
The results are shown in Table 160. . 


Table 160. Estimated average rate of discharge of heat (10° Btu /day) 
to estuary from Northern Outfall Sewage Works 














Period Ist Quarter | 2nd Quarter | 3rd Quarter | 4th Quarter | Average 
1949 20-1 LS 2:0 16°7 11e5 
1950 20-2 9-4 Sei) 20°5 13-9 
1951 23-6 10:3 5-8 15-6 13-8 
1952 26-0 5-3 13 20-9) 14-9 

1949-52 22°5 8-1 5-2 18-4 13°5 

















a, 
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Southern Outfall 

As no data were available for the temperature of either the sewage or effluent at Southern 
Outfall Sewage Works, the Laboratory compared the temperatures of settled sewage at the two 
L.C.C. works using two recording thermometers. Records were obtained for the 27 days ending 
14th August 1953. The temperature at each hour was read from the charts, and the average differences 
between the two sets of readings were tabulated for 6-h periods. The daily range of the mean 
excess of the temperature at Northern Outfall over that at Southern Outfall was from 0-6 to 2-3 
degC, and the average excess was 1-3 degC. No information was obtained for the winter months, 
and it has been assumed that the difference between the temperatures at the two outfalls is constant, 
and equal to 1-3 degC. The rate of addition of heat to the estuary is then estimated as 11-2, 1-8, 
0-0, and 9-6 Units for the four quarters of the year (mean 5-6), using the flow data of 1949-1952. 


Mogden Sewage Works 


The temperature of the settled sewage entering the Mogden activated-sludge plant is recorded 
daily. The change in temperature during treatment not being known, it was assumed that the final 
effluent had the same temperature as the settled sewage. ‘Taking quarterly averages of excess tem- 
perature and flow for the period from 1947 to 1952, the average rate of addition of heat to the 
estuary was estimated to have been 4-1 Units. In the summer (April to September) the average — 
value was 0-2 Unit, and in the winter (October to March) 8-1 Units. 


Other sewage works 

No information was obtained for the temperature of the effluent from any other sewage works. 
To obtain a rough estimate of the total heat discharged it was assumed that the excess temperatures 
were between those estimated for Northern Outfall and Mogden, say 6, 1, 0, and 5 degC for the 
four quarters of the year, giving an average value of 3 degC. The total average flow of the effluents 
from the remaining sewage works included in Table 42 (p. 82) was about 58 m.g.d., so that the 
estimated total average heat input to the estuary from these works was roughly 3 Units. 


Summary 


The average results of the preceding paragraphs are shown in Table 161. The rate of heating — 
during the summer was probably not more than 8 Units; in winter it may have been 40 Units. 


Table 161. Estimated average rate of discharge of heat to estuary from sewage works 


Data mainly for 1949-1952 








Sewage works 10° Btu/day 
Northern Outfall 14 
Southern Outfall 6 
Mogden 4 
Others 3 
Total 27 





FRESH-WATER DISCHARGES 


The remaining sources of heated water entering the estuary are the Upper Thames and the 
tributaries which discharge direct to the estuary. 

Most of the information has been taken from the results of the Laboratory’s surveys, details of 
which were given in Chapter 3. It has been assumed (as for sewage effluents) that the heat discharged — 
is equal to the product of the volume discharged and the excess of the temperature of the discharge 
over that of the estuary in the absence of artificial heating. The available data for the flows are often 
meagre, but where the flow is known only approximately it is generally small. ; 

The most uncertain quantity is the heat entering the estuary at Teddington; an error of 1 degC 
with a flow of 4000 m.g.d. is equivalent to 72 Units. No significant rise in the temperature at_ 
Teddington was found up to the end of 1948; since that date the generating station at Kingston — 
(about 1 mile upstream from the weir) has come into full operation. From the rates of cooling” 
calculated for the tidal Thames and non-tidal Lee (p. 452), it appeared that on average only 
2-3 per cent of the heat entering the Thames from Kingston Power Station was lost before the 
water reached the estuary at Teddington; at times of very low river flow the loss may exceed 10 per 
cent. The average rate gf discharge of heat from Kingston Power Station in 1951-54 was 10 Units — 
and that discharged to the estuary from the Upper Thames has been taken to be the same. 


Ee es 
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Details for the tributaries are shown in Table 162. It must be emphasized that, although each 
rate of entry of heat is given to 0-1 Unit, some of the figures may be in error by as much as 1 Unit. 

In some cases the heat discharged turns out to be negative; for the River Crane and Duke of 
Northumberland’s River (which, although entering the estuary at different points, occupy a single 
channel for part of their course) it is negative for each of the eight quarters in 1951-53 that were 
used in obtaining the averages. If this is the natural state of things the cooling effect of this water 
will have contributed to the temperature of the estuary in the absence of heating and need not be 
further considered. The seasonal variations in the heat entering the Thames from the Wandle 
were great, mainly because Wandsworth Power Station (see Fig. 29, p. 32) did not operate in the 
summer. During the period of observations the excess temperature ranged from 2 to 11 degC and 
the quarterly averages of the heat discharged from 2 to 10 Units. If the Wandle and Lee only are 
considered significant, the total average rate of entry of heat from the tributaries was about 8 Units. 


Table 162. Approximate average rate of discharge of heat to estuary from tributaries 
Data mainly for 1951-53 











. Position of confluence A 
PuMLELY (miles from London Bridge) real glo | 

Crane 15-2 above } _0:3 
Duke of Northumberland’s 14:9, 

Brent 13°65, +0-2 
Beverley Brook Se0ig. 3 —0-2 
Wandle 6-677, +6-0 
Ravensbourne 4-5 below +0-2 
Lee 629s. +1:6 
Roding gn height —0°4 
Beam 14°2 Ty, +0:1 
Ingrebourne iWsyan ls, —0°5 
Mardyke 13 °450 ees —0-0 


BIOCHEMICAL ACTIVITY 


The oxidation of organic matter is an exothermic process, the amount of heat liberated on the 
oxidation to carbon dioxide and water of compounds consisting solely of carbon, hydrogen, and 
oxygen being about 10° calories for each gram molecule of oxygen consumed. For instance, the 
values for methane, methanol, ethanol, glucose, sucrose, benzene, acetone, and acetic acid range 
between 104 and 114 kcal/mole of oxygen; for compounds containing nitrogen the values are 
similar. The result of biochemical oxidation of organic matter in the estuary is likely to be the 
release of roughly 1-1 x 10° cal for each gram molecule of oxygen used in oxidation; this is 
equivalent to 0-014 x 10° Btu per ton of oxygen. In Table 134 (p. 332) it is concluded that the 
average rate of utilization of oxygen in the estuary as a whole, during the period 1950-53, was 
roughly 900 tons/day; this indicates a rate of heating of about 12 x 10° Btu/day. 


SUMMARY 


The total heat discharged from the various sources given above, and summarized in ‘Table 163, 
is estimated to have been 305 Units. In preparing this table, data for 1951-53 were generally used, 
but for power stations the figures are for 1951-54. It is seen that the accuracy of the calculations 
will be little affected if the figures for heat discharged from the smaller industrial concerns are in 
error by as much as the 20 per cent suggested on p. 430. 


Table 163. Average rates of entry of heat to estuary 
Data mainly for 1951-53 











Sources of heat 10° Btu/day | Percentage of total 
Power stations 229 aS 
Industrial effluents 19 6 
Sewage effluents 27 9 
Fresh-water discharges 18 6 
Biochemical activity 12 + 
Total 305 100 
i ha Doe as we SR ea et ed PB 9 nh 
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OBSERVED TEMPERATURE 


The temperature of the water 6 ft below the surface in mid-stream was one of the properties 
examined in the Laboratory’s weekly surveys during 1951-54 (pp. 169-170), typical monthly 
distributions being shown in Fig. 97. 


METHODS OF MEASUREMENT 


The earliest measurements were made by placing a mercury-in-glass thermometer in the water 
remaining in a Casella sampler after removing the sample bottle. This method is likely to give 
rise to some error in figures obtained for the temperature—particularly in winter when the air is 
generally cooler than the water and there is also cooling by evaporation from the wet sampler 
while the measurement is being made. 

A method of measuring the temperature electrically with thermistors was developed? in 1951, 
but it did not supersede the use of mercury thermometers until November 1952. Thereafter the 
instrument was periodically calibrated in the laboratory against an accurate mercury thermometer. 
When 48 estuary temperatures were measured—on two occasions in 1952—the values obtained 
with a thermistor exceeded those found with a mercury thermometer by an average of 0-09 degC, 
the standard deviation being 0-14 degC. 


DTYPLCATA BIS RTBU One 


It was generally found that when the temperatures taken on a particular day were plotted 
against half-tide position, a smooth curve could be drawn through the plotted points. Typical 
curves for 12 successive weekly surveys during 1954 are shown in Fig. 233. The maximum tem- 
perature is seen generally to have occurred within a few miles of London Bridge. The position of the 
maximum on 15th June was probably the result of the entry of cooler fresh water from the uppet 
river—on only one day from 12th April to 7th June did the flow at Teddington exceed 1000 m.g.d., 
but by 14th June it had reached 4000 m.g.d.; by 21st June the flow had fallen to 700 m.g.d. and 


the position of the maximum temperature returned to the neighbourhood of London Bridge. 
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Fic. 233. Results of weekly measurements of temperature in! estuary, April-June 1954 


VARIATIONS OVER CROSS-SECTION 


' 


The discharge of large amounts of heated water from power stations to the upper reaches of the 
estuary may be expected to give rise to appreciable variations in temperature over the cross-section 
in the vicinity of the stations. To study in greater detail the distribution of temperature in these 
reaches, several additional surveys were made, and to simplify the work these were usually carried 
out in the last hour or/so of the ebb tide—when conditions are similar to those in a non-tidal river 
in that the main immediate effect of any discharge of heated water is found seaward of the outfall. 
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A preliminary survey was made in the neighbourhood of Battersea Power Station on 
4th December 1951. About 200 yd upstream of the outfalls from the power station (and 3-8 miles 
above London Bridge) Victoria Railway Bridge crosses the river in four spans, and temperature 
measurements were made at the centre of each arch of the bridge at three depths: 6 in. below 
the surface, at a depth of 2 ft 6 in., and just above the river bed. The results (Table 164) show that 
the warmest water passed through the northernmost arch and the coolest through Arch 2. 


Table 164. Temperature of water at Victoria Railway Bridge (3-8 miles above London Bridge) just 
before low water on 4th December 1951 


Flow at Teddington, 2514 m.g.d. 


eee 

















Arch | Arch 2 Arch 3 Arch 4 
South Depth of Tonpera- Depth of TV cinbera- Depth of Wemherae Depth of Toe North 
bank measure- bare measure- tie measure- ares measure- nee bank 
Pee Oe | ee ie 
$ &-2 4 19 4 a 8-6 $ 112 
24 8-6 23 7:4 24 8-8 24 12-0 
5 at 10 ad 10 8:7 5 10-9 


























Battersea Power Station has two outfalls for condenser water: one at the upper end of the coaling 
jetty on the south bank and the other near the north bank. Temperatures taken at a depth of 6 in. 
as the skiff (from which measurements were made) drifted away from the outfall near the north 
bank, were as follows: 









Distance from outfall (ft) 


‘Temperature (°C) 






About 300 ft downstream of the outfall the temperature ranged from 12-8°C at a depth 
of 6 in. to 9-8°C at 11 ft. The temperatures of the water in mid-river at Vauxhall, Lambeth, and 
Westminster Bridges (0-8, 1-3, and 1-8 miles below the power station respectively) were within 
the range measured at Victoria Railway Bridge. At Westminster Bridge, for example, the 
temperatures at depths of 6in. and 6 ft were 8-5° and 8-3°C respectively. The results of 
measurements made about a month later, between Putney and Vauxhall, are shown in Table 165. 

Each of these surveys was made at a time of high fresh-water flow. Two other surveys, between 
Tower Bridge and Putney Bridge, were carried out during June and August 1952 when the flow 
at Teddington was about average for the summer. Results for the survey on 28th August 1952 are 
shown in Table 166 where the excess of the temperature near the sides over that in the middle 
is given. The results of both these surveys are plotted in Fig. 234 where it is seen that at no position 
was the temperature in the middle greater than that near the sides. 
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Fic. 234. ‘Temperature of water in estuary between Putney and Tower Bridge near north (N) 
and south (S) banks and in mid-stream (M) at mid-depth 


(a) At low water of spring tide on 25th June 1952; (b) during ebb of neap tide on 28th August 1952 
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Table 165. Temperatures in middle and near south and north sides of estuary, between Putney and 
Vauxhall, during ebb tide on 8th January 1952 


Flow at Teddington, 2774 m.g.d. 
Low water at London Bridge, 5.26 p.m. 









































South Middle North 
Miles ri 
Position nee Depth Depth | Depth 
London : of Tempera- : of Tempera- . of Tempera- 
: Time Time Time 
Bridge ( ) measure- ture (p.m.) measure- ture (p.m.) measur e- ture 
ili ment (ce) ates ment (ce) am ment CG) 
(ft) (ft) (ft) 
Putney Bridge | a ea 4 6-9 $ 7-1 
7:4 54 7:0 155 8 6:9 54 7-1 
15 6:9 
Wandsworth 3 7:5 4 7-0 4 8-1 
Bridge 6°3 2.11 5 7°8 2.09 8 7:0 2.07 5 8-0 
15 6:9 
Battersea 4 8-4 4 Tet 3 10:0 
Railway 5°6 2.24 5 8:5 D2 8 ae 2.18 9 10-0 
Bridge 16 7:0 
Battersea $ 8:2 3 7-1 4 10-9 
Road 4:9 2.36 5 8-2 2.34 8 7-1 2331 5) 10-8 
Bridge 16 7:0 
Victoria 3 8:3 a 7:4 $ 10-1 
Railway 3°8 2.50 5 8-4 2.48 8 7:6 2.45 5 10:1 
Bridge 16 7°4 
Vauxhall $ Oe) $ 8-0 $ 10-4 
Bridge 2°8 3.02 5 9-3 3.00 7 8-0 2.58 5 10-6 
14 8-0 


























Table 166. Relation between temperatures at mid-depth in middle of estuary and near 
sides, between Putney and Tower Bridge, during ebb of neap tide on 28th August 1952 


Flow at Teddington, 267 m.g.d. 
Low water at London Bridge, noon G.M.T. 











————_— 
Excess of temperature 
Miles Temperature near side over that 
Positi from Time in in mid-stream (degC) 
peuer London (G.M.T.) | mid-stream 
Bridge (2c) 
North South 
Putney Bridge 7:4 above 1.08 p.m. 21 +2 0-4 0-4 
Wandsworth Bridge 6° 3eess, 12.47 p.m. 21:7 ti 0:4 
Battersea Railway Bridge 50a 5, 12.36 p.m. 22-0 Zed. 2-0 
Battersea Road Bridge ASD ay 12.21 p.m. 22°7 1-8 1-2 
Chelsea Bridge 30 ae. 12.09 p.m. 23502, 2:0 0-9 
Battersea Power Station SIO Ee dap55 acm: 23°5 6°5 6°5 
Vauxhall Bridge 2 omnes 11.43 a.m. 23-9 2:0 0:9 
Lambeth Bridge 2:4 03 11.33 a.m. 24-0 1-8 0-7 
Westminster Bridge i Gioh! ban ry P22 am: 24:1 ay) 0°5 
Waterloo Bridge 3 ee 11.11 a.m. 24:1 1:0 O=3 
Blackfriars Bridge 0/5 10.57 a.m. 24-2 0-6 0-1 
Tower Bridge 0:6 below | 10.37 a.m. 24-0 0-2 0:0 











Details of a typical survey in the lower part of the estuary are shown in Table 167. From these 
surveys it is clear that upstream of London Bridge a single measurement of temperature in any 
cross-section is unlikely to be representative of the average temperature over the cross-section. 
In the lower reaches the error introduced is probably slight. 

In the second quarter of 1949, variations in dissolved oxygen and temperature with depth 
were examined in a series of five surveys. The results for dissolved oxygen were shown in Fig. 100 
(p. 173) and the corresponding data for temperature are plotted in Fig. 235 where it is seen that 
the differences between temperatures found at different depths were generally small. 
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Table 167. Temperatures in middle and near banks of estuary, between Dartford Creek and Tilbury 
just before low water on 18th December 1951 


Flow at Teddington, 1213 m.g.d. 
Low water at London Bridge, 11.09 a.m. 



































eee rie e st ina se ay ee ty | ee ee eT DR Le aaa 
South Middle North 
Miles ‘ 
Position Past Time Depth Depth Depth 
nen (a.m.) of Tempera- of Tempera- of Tempera- 
Bridge measure- ture measur e- ture measure- ture 
ment (2G) ment CE) ment (CY 
(ft) (ft) (ft) 
Opposite Dartford Creek 4 10-1 Py 10-0 4 10-0 
18:2 10.20 7 10-1 1 10-0 5 10-0 
34 928316 | 
Above West Kent outfall $ 9-8 $ 9-8 4 229 
19-4 10.05 8 9-8 15 9-8 14 9-9 
30 9-8 
Below West Kent outfall 4 9-9 
195 9.55 2 9-9 
Littlebrook Power Station | $ 16°1 
outfall 19-8 9.50 15 he Ea 
Below Littlebrook Power | 4 ia L030 4 9-8 4 9-8 
Station 20-2 45 (| 15 pe 042".' 15 9-8 8 9:5 
| | 30 9-6 
Lower end of Long Reach | | k 9-7 3 9-7 4 9-6 
21-6 9.30 15 9-7 V5) 9-7 15 9-4 
41 OE 
Upper entrance to Tilbury $ 8:8 $ 829 + 8-9 
Dock 24-8 9.00 15 | 8-8 15 8-8 15 8-8 
38 | 8-8 42 8-8 29 8-8 


























LONG-TERM CHANGES 


The records of the L.C.C. and other authorities make it possible to examine long-term changes 
in the temperature of the estuary. In Fig. 236 are shown yearly averages at certain points; dotted 
lines are used where, owing to lack of data, values are not shown for consecutive years. The source 
of the earlier data is discussed on p. 441. The rise in temperature after about 1920 is clearly seen, 
and the variations since that date are shown in more detail in Fig. 237 where quarterly (as well as 
yearly) averages are plotted for the mean temperature in the reach extending 25 miles seaward 
from London Bridge at half-tide. (These values may tend to be slightly high—see p. 448; in the 
four 3-monthly periods ending with March 1954, the average excesses of the L.C.C. temperatures 
in this reach of the estuary, over those determined by the Laboratory, were —0-5, +0-3, +0-4, 
and +0-6 degC respectively.) The effects of the discharge of heat to the estuary on the temperature 
in this reach may be seen from Table 168; the mean rate of rise of temperature between the two 
periods considered was 0-09 degC/year. 


Table 168. Average temperature in reach extending 25 miles seaward from 
London Bridge at half-tide, during two 5-year periods (L.C.C. data) 





Average temperature (°C) 
Be Increase (degC) 
das 1920-24 to 1957-1961 





1920-24 1957-1961 


1st Quarter 





6:7 9-7 3-0 
2nd p 13-4 16-9 3°5 
3rd ad 17:8 21:0 3°2 
4th >, 9-9 13-4 35 

Year 11-9 15:2 3°3 
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TEMPERATURE 
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Above Below 
MILES FROM LONDON BRIDGE 
Fic. 235. Variation in temperature with depth near low water of neap tides on (a) 6th—-7th April 
and (d) 23rd—24th May 1949, and near high water of spring tides on (b) 27th April, (c) 11th-13th May, and 
(e) 8th-10th June 1949 
Dotted lines, surface; broken lines, near mid-depth; continuous lines, near bed 
Sampling depths shown in detail in Fig. 100 (p. 173) 
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Miles below London Bridge 
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Fic. 236. Yearly averages of temperature at various positions in estuary 


Data up to 1885 are mean values from immersed maximum and minimum thermometers; those from 1886 are 
mean values at high and low water 
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Fro. 237. . Quarterly and yearly averages of temperature in reach extending 25 miles seaward 
from London Bridge at half-tide (L.C.C. data) 
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TEMPERATURE IN ABSENCE OF HEATING 


Before it is possible to calculate the rise in temperature of the water of the Thames Estuary 
caused by heated effluents, it is necessary to estimate what the temperature would be if it were 
controlled solely by meteorological conditions. ‘To examine fully the balance of heat requires a 
very great amount of work and the accumulation of detailed meteorological figures*. It was felt that 
not enough was known to make it practicable to calculate the equilibrium temperature from the 
data available for the temperature and humidity of the air, the wind velocity, and the solar 
radiation; instead, monthly average figures for the water temperature, during periods when the 
artificial heating of the estuary must have been very slight, were related empirically to the corres- 
ponding averages of the air temperature. By using the earliest available (and apparently reliable) 
data for the temperature of the Thames it was found possible to derive relations from which the 
temperature that would have obtained in the estuary during selected periods, in the absence of 
artificial heating, could be estimated. 


TEMPERATURE AT TEDDINGTON 


The earliest records* found for the temperature of the Thames near Teddington relate to 
measurements made daily at 9 a.m. at Kingston-on-Thames between January 1855 and June 1857. 
‘These temperatures were generally recorded to 1 degF but sometimes to half a degree. The monthly 
averages have been compared with the averages of the mean air temperature, during the same 
period, recorded at Greenwich Observatory and obtained from the Meteorological Office of the 
Air Ministry. In all the months, except one, the temperature of the water was higher than that of 
the air, and a preliminary investigation showed that this excess temperature tended to be greater 
at higher temperatures. The values for February 1857 were not used in the subsequent analysis, 
since the mean air temperature was —1-6°C and the expected water temperature would then 
have been less than 0°C. 

A partial regression equation was derived which gave the predicted value, T\,, of the water 
temperature in terms of the air temperature T,, and the difference A between the value of T, and 
its value in the previous month. The excess of the temperature of the water over that of the air 
was used in this and subsequent regression work because the water and air temperatures are so 
closely related. An equation of the form (7\,—T,) = bT, + 6,4 + a was obtained, and then 
re-arranged to give the water temperature in the form 


Tl =>, Teh AR a, 3 (233) 


where 6, = 1+ 6. The term in A was included as it was thought that changes in water temperature 
might lag behind changes in air temperature, but for the Kingston data the coefficient was so small 
that it could be neglected. The equation for the estimated temperature then reduced to 


Fi 100735 Te 0-60 (234) 


The standard error of estimate was 0:56 degC compared with 0:68 degC for a simpler equation 
T\, = T, + 1:27, and compared with a standard deviation of over 5 degC in the quarterly averages 
of the observed values of T\,. 

Regular measurements of the temperature along the estuary are made by the London County 
Council, and the records of this authority can be compared with the early data for Kingston. 
If the quarterly values obtained by means of Equation 234 are compared with the quarterly averages 
of the L.C.C. readings at Teddington from 1915 to 1921, the standard error in prediction is found 
to be 0-68 degC and the average error +0-05 degC; there was thus no significant difference 
between the mean values of the predicted and observed temperatures. However, since there were 
only six or seven measurements made in each quarter, the average of these results will not necessarily 
be representative of the average temperature during the quarter, and so it is not possible to test 
Equation 234 satisfactorily. The average and standard errors remain unaltered if the readings 
for 1944-48 are included; by this time Kingston Power Station was in operation, but probably’ 
was causing a rise of less than 0-1 degC in the average temperature at Teddington. The standard 
deviation of the observed excess of the temperature of the water over that of the air is only 0-69 degC, 
so the use of the regression equation to obtain the water temperature has no advantage over addition 
of a constant amount to the air temperature. The average observed excess temperatures for the 
four quarters of the year are 0-7, 1-8, 1-3, and 1-4 degC respectively. Lacking further information, 
it seems that the quarterly averages of the temperature of the Thames at Teddington, in the absence 
of artificial heating, may be estimated by adding these quantities to the air temperature at Greenwich, 
and although it is likely that the result will be only approximate this is the method that has been 
used. By 1949 Kingston Power Station was rejecting an appreciable amount of heat to the Upper 
Thames; during 1949-1952 the average excess temperature observed at Teddington over that 
calculated by the method described above was 1-88 degC, although the heat added at Kingston 


can account for only about a third of this excess. 
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TEMPERATURE AT GREENWICH 


The temperature of the estuary in the neighbourhood of Greenwich was recorded daily during 
most of the second half of the 19th century®. A maximum thermometer (mercury in glass, with a 
steel index) and a minimum thermometer (coloured alcohol in glass, with a glass index) were used for 
the earliest determinations. ‘he instruments were placed in a perforated wooden trunk on the side 
of the Dreadnought Hospital Ship so that they were about 2 ft below the surface of the water. 
Regular observations started on 13th May 1844, a preliminary experiment having shown that there 
was no appreciable vertical temperature gradient at this point in the estuary. Index-error corrections 
for the thermometers, which appear to have been applied, are recorded from 1866 onwards. There 
was a break in the records for 9 months in 1870 after which the trunk containing the thermometers 
was transferred to the Police Ship Scorpion moored in Blackwall Reach. The first mention of a 
change in thermometers is in April 1872, when the minimum thermometer was broken and replaced. 
In May 1874 the trunk was transferred to the Royalist moored in the same place, and in February 
1875 both thermometers were replaced. The series of readings ended in October 1879 when the 
Royalist was involved in a collision and was beached. 

In May 1883, temperature measurements were resumed under the direction of the Corporation 
of the City of London. A Six’s thermometer was placed 2 ft below the surface at the end of one 
of the jetties of the Foreign Cattle Market at Deptford, 4-0 miles downstream of London Bridge. 
The last readings of this series were taken on 13th June 1891. 

The measurements at Greenwich and Deptford, therefore, cover most of the period from 1844 
to 1891, and were apparently made with some care. Data for years earlier than 1856 have not been 
used in the analysis. Groups, generally of three or four years, were taken, and partial regression 
equations giving the excess of the temperature of the water over that of the air were derived in 
terms of the air temperature T,, and the change A, in the value of 7, from the previous month. 
Equations of the form of Equation 233 were obtained by re-arrangement. The values of the 
coefficients b, and b,, and their standard errors of estimate are given in Table 169, and are shown 


graphically in Fig. 238. 


Table 169. Coefficients (and standard errors) in 
equation T’, = b,T, + b,A +a °C, where Ty, 1s 
estimated water temperature and T., observed air 
temperature at Greenwich, and A the change in T, 


from previous month; o, 1s standard error of b 
































Position Period by 20D, by + Op, 
Greenwich | 1856-59 | 1-087 + 0-022 | —0-153 + 0-037 
o 1860-63 | 1-125 + 0-030 | —0-169 + 0-046 
<= 1864-66 | 1-086 + 0-034 | —0-092 + 0-050 
if 1867-70 | 1-054 + 0-024 | —0-126 + 0-034 
rr 1871-75 | 1-140 + 0-023 | —0-191 + 0-033 
Ay 1876-79 | 1-084 + 0-022 | —0-106 + 0-036 
Deptford 1883-86 | 1-111 + 0-027 | —0-130 + 0-045 
as 1887-91 | 1-069 + 0-023 | —0-179 + 0-035 
: : Crossness 
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Fic. 238. Coefficients in equation T,/ = 6,T, + b, A +a 
T,,, estimated water temperature; Ta, observed air temperature at Greenwich; A, change in Ty since previous month 
Vertical lines show range (b + 6,) to (b — oy) where oy is standard error of estimate of b 
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In Fig. 239 are shown regression lines for conditions when the air temperature is steady, that is 
when A is zero. Most of the lines lie close together and, although the values of both 5, and b, are 
rather higher for 1871-75 than for the other groups, the difference is not large enough for it to be 
concluded that the readings of this group do not come from the same population as the remaining data. 
The line for 1867-1870, however, lies below the other lines to an extent that is statistically 
significant—the average discrepancy is well over 0:5 degC, whereas the standard error of the mean 
excess temperature for this group is only 0-11 degC. It is assumed that the readings for this period 
contain some systematic error, since there is no reason to suppose that the excess temperature 
was half a degree less during these years than during the rest of the period and since the remainder 
of the lines agree well with those for Kingston in 1855-57 and for Crossness in 1885-1895. 
Combining the data for Greenwich in 1856-1866 and 1871-79, with those for Deptford in 
1883-1891, leads to the equation 


Digi § OWT ren oS Aes OE 41s (235) 
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Fic. 239. Relation between excess of water temperature over air 
temperature, and air temperature, when this is steady 


Data from Table 169 when A = 0 


Although the coefficients in the regression equations for the different groups are substantially the 
same, the relations between 7, and 7, and A, may in fact be non-linear. It was advisable to 
determine whether or not the mean errors for corresponding quarters differed significantly from 
zero, as the equation was required for predicting quarterly averages. ‘Taking all the quarterly 
averages that were available for 1856-1866 and 1871-1891, the average errors for the four quarters 
were found to be +0-20, —0-48, +0-10, and +0-16 degC respectively. Accordingly, when the 
regression equation is used for predicting quarterly averages, it is better to subtract these average 
errors from the values obtained. When this adjustment is made it is found that the standard error 
of the 78 available quarterly averages is reduced from 0:50 to 0-40 degC. 

‘There seemed to be fio a priori reason why the excess temperature should depend on the air 
temperature, and it would perhaps have been more satisfactory if it could have been related to 
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some other factor. For 34 months in 1877-79 the average number of hours of sunshine daily, B, 
was used as a variable in the regression analysis. It was found that the partial correlation coefficients, 
VT quBT god and 7p. _7.)r,.p,4, Were almost identical, so that for this particular period sunshine 
and air temperature are equally useful in estimating the water temperature. For another period 
of a few years the errors in prediction (7%, — 7.) using the results of able 169, were plotted against 
the monthly averages of the relative humidity at Greenwich, and also against the total wind; in 
neither case was a significant relation found. 

Rather than unduly protract the analysis to find a better method of predicting quarterly averages 
of the temperature of the estuary 4 miles below London Bridge, the following equation was adopted: 


T!, = 1-101T, — 0-1514 + a°C, (236) 


where a is 0-21, 0-89, 0-31, or 0-25 degC for the first to fourth quarters respectively, T., is the 
mean air temperature at Greenwich, and A is the average month-to-month change in T.,, that is, 
a third of the difference between the value of 7, in the last month of the quarter and the last month 
of the preceding quarter. 


TEMPERATURE OFF CROSSNESS 


The temperature of the Thames off Crossness has been recorded regularly since February 1885. 
‘The measurements were started by the Metropolitan Board of Works, and continued by the London 
County Council on its formation in 1889. The temperatures are taken in mid-stream at a depth 
of 6 ft twice a day (once near high water and once near low water) with the exception of Saturdays, 
Sundays, and public holidays, or in bad weather; until 1959 they were also taken on Saturdays. 
The monthly averages have been treated in the same way as for the Greenwich data; the results 
are shown in Table 170 and are included in Fig. 238. 


Table 170. Coefficients (and amen errors) in equation T,, = b,T, + 6,4 + a°C, where T,, 
is estimated water temperature off Crossness, T., observed air femperature at Greenwich, aud 
A the change in T., from previous month; o, 1s standard error of b 


Period 





1885-89 
1890-93 
1892-95 








The three sets of results are seen to be in good agreement—although this is partly due to the 
second and third periods overlapping by two years. ‘Taking all the data for 1885-1895 the combined 
regression equation becomes 


i = 1:0987),— 0°2724 +. 0-40 °C. (237) 


This equation was checked by comparing the values obtained from it with the quarterly averages 
of the temperature of the estuary off Northern Outfall in 1912-18. The average error was found 
to be —0-04 degC, and the standard error 0:42 degC. The average errors in the prediction by 
quarters were again calculated; taking the errors for Crossness in 1885-1895 and Northern Outfall 
in 1912-18, the average values for the four quarters are +0-26, —0-18, +0-12, and —0-08 degC 
respectively. When the equation is adjusted to allow for these errors, the standard error of prediction 
of the 62 quarterly averages is 0-36 degC. For predicting the temperature of the estuary 13 miles 
below London Bridge, the following equation has therefore been adopted 


T, = 11-0987, — 00-2724 + a°C, (238) 
where a is 0:14, 0-58, 0:28, and 0:48 degC for the first to fourth quarters respectively. 


COMPARISON OF REGRESSION EQUATIONS FOR THREE STATIONS 


In Table 171 and Fig. 240 the regression equations for the data obtained independently for 
Kingston, Greenwich and Deptford, and Crossness are compared. ‘The closeness of the lines in 
Fig. 240(a) is remarkable, and shows that the temperature at these three stations was almost the 
same when the air temperature did not change (A =0). Fig. 240(b) shows that, although the values 
of b, for the three sets of data do not differ significantly, there are significant differences in the 
-values of by, the water temperature lagging further behind the air temperature in the more seaward 
stations. 
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Table 171. Coefficients (and standard errors) in equation T\, = 6,T, + b, A+ a°C, 
where T’. is estimated water temperature, T., observed air temperature at Greenwich, 
and A the change in T,, from previous month 
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Fic. 240. Dependence of water temperature on air temperature 
(a) Excess of water temperature over air temperature when latter is steady; (b) coefficients in regression equation 
Vertical lines show range (b + oy) to (b — 0%) where oy is standard error of estimate of b 


TEMPERATURE SEAWARD OF CROSSNESS 


For many years, until 1940, the temperature of the sea was measured at Edinburgh Light Vessel 
(Lat. 51°33’N, Long. 01°16’E), approximately 76 miles seaward of London Bridge and in the open 
sea beyond the end of the estuary. By this point the water from the Thames is very greatly diluted 
by sea water, and the salinity is not appreciably different from other salinities of the North Sea. 
‘The temperature here should not be measurably altered by the artificial heating of the Thames, 
so that examination of the data is of value in indicating whether there has been any systematic 
change in temperature of the sea water just beyond the mouth of the estuary. The Edinburgh 
recorded the temperature of the surface of the sea twice daily, about sunrise and at 4 p.m. The 
readings were usually given to 1 degF. 

Since the war the stations at which temperatures have been observed and which are nearest 
to the mouth of the Thames are Shipwash Light Vessel (52°02’N, 01°42’E), and Galloper Light 
Vessel (51°44’N, 01°58’E). These vessels are over 30 miles seaward of the Edinburgh, and even 
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the quarterly averages of the temperature at these stations sometimes differ appreciably; the 
variations in the excess of the water temperature observed at the Shipwash and Edinburgh over the 
air temperature at Greenwich are shown for each month of 1930 in Fig. 241. It appears that there 
are no suitable readings of sea temperature with which to compare the temperatures of the estuary 
since May 1940. 
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Fic. 241. Variations in monthly average excess of sea temperatures at two 
light vessels at mouth of estuary over air temperature at Greenwich in 1930 


Changes in temperature of the North Sea are necessarily slow; quarterly averages of the sea 
temperature, as recorded at Shipwash Light Vessel during 1907-1911 and 1916-1919, have been 
evaluated and compared with the corresponding figures for the mean air temperature at Greenwich. 
The average values of the excess of the temperature of the sea over that of the air were found to 
be +0-45, —2-35, +0-17, and +3-24 degC for the respective quarters of the year. It may be 
noted that the overall average excess is + 0-39 degC which is just one degree lower than the average 
excess for the Greenwich—Deptford readings. 

It has been assumed that if no additional heat were discharged to the estuary the temperature 
distribution seaward of Crossness would be the same as the distribution which existed from 1915 
to 1921. This period was selected because in 1915 the L.C.C. started to make frequent surveys of the 
part of the estuary below Crossness, and because the temperature of the estuary off Crossness 
began to rise systematically soon after 1921 (Fig. 236, p. 439). 

The average temperature at each of the L.C.C. sampling stations was calculated and plotted 
against position in the estuary, each quarter of the year being examined in turn. A smooth curve 
was then fitted to each set of points, and the temperatures corresponding to this curve were read off 
at intervals of 5 miles, from 15 to 45 miles below London Bridge; Fig. 242(a) shows the curves 
of the second quarters of these years. The difference in temperature between Crossness and each 
of the 5-mile points was then plotted. ‘This was done for all quarters from the fourth of 1915 to the 
fourth of 1921 inclusive (except the first quarter of 1920 for which the temperature records were 
incomplete) and the results, averaged for corresponding quarters, are shown in Fig. 242(b). 
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Fic. 242. Average temperatures in estuary seaward of Crossness 
(a) April—June quarters of each year 1916-21; (b) average for corresponding quarters of 1915-21 
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A POSSIBLE SOURCE OF ERROR 


A point that has not been taken into account in this work is the effect of the growth of London 
on the basic temperature. From the study of a number of American cities, it has been concluded® 
that the air temperature in a city increases at a rate given by 


T, = T, a, K(/ Pa — /P,), (239) 


where 7,, T, are the temperatures, under the same regional climatic conditions, at times when the 
population of the city is respectively P,, P,. The numerical value of the constant of proportionality 
K is subject to regional and seasonal variation, but in the case of the seasonal mean temperature in 
the United States was found to be about 0-005 degF. If the same value of K were applicable to the 
London area, the change from 1870 to 1950 could amount to about 3 degC. If (as is likely) the 
temperature in the City of London has increased with the growth of population in Greater London, 
if this increase has been more rapid than the corresponding increase at Greenwich (from which the 
air temperature figures were obtained), and if the increase at Greenwich, in turn, has been greater 
than around the lower reaches of the estuary, then some error will have been introduced into the 
calculation of the basic temperature. Without a reasonably accurate estimate of the effect of the 
growth of population on the temperature, it is not possible to make any satisfactory allowance 
for this factor. However, from the general agreement between the observed and predicted 
distributions of temperature in 1951-54 (see Fig. 245, p. 451) it appears unlikely that any large 
error has been introduced by this. 


PRODUCTION OF BASIC TEMPERATURE CURVES 


The basic temperature, which would exist at any point in the estuary if the artificial heating 
had not changed since the last century, is required in calculations described later. The method 
of estimating this temperature for Teddington was described on p. 440 and the basic temperatures 
at Greenwich and Crossness are given by Equations 236 and 238 respectively. To obtain the 
distribution of the basic temperature throughout the estuary, the method was to plot the values 
found for these three points, and to draw a smooth curve to pass through the point for Teddington, 
and between the points for Greenwich and Crossness, so as to join on to the relevant curve from 
Fig. 242(b). wo examples of curves which represent the basic temperatures for the fourth quarters _ 
of 1919 and 1953 are shown in Fig. 243, together with the observed temperatures for the quarters. 
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Fic. 243. Comparison between observed temperature (con- 
tinuous curves) of estuary during October-December quarters 
of 1919 and 1953 and temperature predicted (broken curves and 
encircled points) for same quarters in absence of artificial heating 


The average air temperature during the fourth quarter of 1953 was some 34 degC higher than in 
the fourth quarter of 1919, and the separation of the broken curves does not represent a general 
rise of temperature during the intervening years. The increased separation of the broken and 
continuous curves for 1953 compared with 1919 is due to the increased heating of the estuary. 
The difference between the broken and continuous curves for 1919 is due either to artificial heating 


or to inaccuracy of the obéerved temperatures in that year, or to inaccuracy in predicting the basic 
temperature, 
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HEAT BALANCE 
MECHANISM OF HEAT EXCHANGE 


Even in the absence of artificial heating there is a constant exchange of heat between the water 
of the estuary and its surroundings by radiation, evaporation, conduction, and convection. The 
amounts of heat transferred by each of these processes will change if the temperature of the water 
is increased by the addition of heat. 

The estuary is heated by radiation from the sun, and loses heat by radiation from the water. 
Although an increase of a few degrees in the water temperature will have no appreciable effect 
on the amount of heat received from the sun, it will increase significantly that lost by radiation. 
The temperature rise caused by artificial heating is limited to a few degrees, and over this range 
the increased rate of loss will be nearly proportional to the increased temperature. 

Heat is also lost as a result of evaporation from the water surface, and the rate of this depends 
on the amount of radiation incident on the surface, and also on such factors as the temperature 
of the water, the temperature and relative humidity of the air, the wind velocity, and the fetch 
of the wind. The vapour pressure of water is 5, 9, 17, and 32 mm Hg at 0°, 10°, 20°, and 30°C 
respectively; over any range of 5 degC the rate of change of vapour pressure with temperature 
is nearly linear. Therefore, it is probable that the increase in the rate of loss of heat by evaporation 
is approximately proportional to the increase in temperature, but the ‘constant’ of proportionality 
will increase with temperature if other conditions remain the same. The meteorological factors 
which influence the rate of evaporation—particularly humidity and wind velocity—change seasonally 
and it is very difficult to estimate the constant of proportionality. Moreover, it is known that the rate 
of evaporation of water per unit area from a large surface is much less than that from a small one 
(if other conditions are the same) because the amount of water vapour in the air increases as the air 
passes across the surface. Owing to this factor, evaporative cooling is likely to decrease towards 
the sea. However, the water at the seaward end of the estuary is more exposed to wind, and this will 
tend to increase the rate of exchange of heat. 

There is a further exchange of heat by conduction through the sides and bed of the estuary, 
and by conduction to the air followed by convection. If the water temperature is raised, the 
increased rate of loss to the air per unit area of surface is likely to be nearly proportional to the 
temperature increase (provided this increase is not large), but the constant of proportionality 
may be greatly altered by surface turbulence and wind. 

Taking these things into account, it seems probable that if the temperature of the estuary water 
were increased by artificial heating the rate of loss of heat per unit area of surface would be pro- 
portional to the increase in temperature, that is, the rate of loss of heat is proportional to T— Ty), 
where T is the water temperature and 7, represents the equilibrium water temperature which 
would obtain if there were no net exchange of heat between the water and its surroundings in the 
absence of artificial heating. It is to be expected that 7, will vary along the estuary because many 
of the factors which influence the gain and loss of heat change from place to place; the constant of 
proportionality may also be different in different parts of the estuary. 


HEATING TO BE CONSIDERED 


In the calculations which follow, the excess of the observed temperature over the basic 
temperature is related to the input of heat to the estuary. Clearly, allowance must be made for 
the heat entering the system during the periods when the temperatures used in calculating the basic 
temperature were measured. Until comparatively recently there were only small changes in the 
amount of heat discharged to the estuary, so that slight variations in the amounts of heat discharged 
at the different times for which the basic temperature has been calculated will cause little error. 
From a consideration of changes which have occurred in the past century, it appeared that it 
was best to consider all present sources of heat as new sources with the exception of the bio- 
chemical activity and some of the heat entering in sewage effluents. 

Probably only about 5 of the 12 Units which are considered under biochemical activity (p. 433) 
should be included in the increased heating, and as most activity would occur in the middle and 
lower reaches its effect would be very small; this heat has been omitted from the calculations. 

Most of the heat discharged to the estuary by way of sewage effluents has also been excluded 
since its effect is small and there are no data from which changes can be accurately calculated. 
However, in the discharges from Mogden and Northern Outfall, the effects of heated industrial 
wastes have probably increased by a substantial proportion with the growth of industry in the 
neighbourhood. All the heat from Mogden and part of that from Northern Outfall has been con- 
sidered as additional heat which did not enter the estuary at the times corresponding to the basic 
temperatures. The increased heat discharged in sewage effluents may well have been underestimated 
because the temperature of domestic sewage has undoubtedly risen during the present century, 
but any error from this cause will have no appreciable effect on the results of subsequent calculations. 


448 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 
THE HEAT EXCHANGE COEFFICIENT 


For a given rate of loss of heat the corresponding rate of change of temperature is inversely 
proportional to the depth of the water. Consequently, the rate of change of temperature of the 
water may be expressed as 

pe 
where @ is the excess of the observed temperature (7’) over the basic temperature (T9), 2 is the 
mean depth (defined as the area of cross-section of the estuary at the time when the water is mid-way 
between average high and low water, divided by the surface width under the same conditions), 
and g is a coefficient which is seen from Equation 240 to have the dimensions of a velocity—in the 
present work it is expressed in cm/h. This coefficient is therefore analogous to the oxygen exchange 
coefficient introduced on pp. 352-353 and is hereafter referred to as the heat exchange coefficient; 
it may be defined as the increase in rate of loss of temperature (degC/h) by unit depth (1 cm) of 
water when the temperature is raised by unit amount (1 degC). Just as the oxygen exchange 
coefficient can be expressed in terms of mass transfer (pp. 352-353) so the heat exchange coefficient 


can be expressed in terms of heat transfer; in British units 1 cm/h is equivalent to 2-04 Btu/degF ft? h, 
or 3-67 Btu/degC ft? h. 


dé 
any (240) 


Calculation of heat exchange coefficient 


The method of calculating the increase in concentration of a substance from its rate of addition 
was outlined in the previous chapter. In the present context the ‘substance’ is heat and its 
‘concentration’ is the resulting temperature increment. If both the magnitude of g at each point 
in the estuary and the amounts of heat discharged are known, the resulting temperature rise can be 
calculated. Alternatively, if the increase in temperature and the rates of discharge of heat are 
known, the average value of g can be calculated. 

For the calculation of g it seemed, at first, that it would be best to make use of the London 
County Council’s records for the last few decades, and to select those periods for which the records 
available for the rate of discharge of heat were most detailed. Quarterly averages of temperature 
and of heat discharged were used so as to reduce the error which might be caused by departures 
from equilibrium conditions during a shorter period. 

Simplified preliminary calculations were made for a number of quarters on desk-operated 
calculating machines; satisfactory results were obtained at the landward end of the estuary using 
the same value of g under all conditions. At the seaward end of the estuary, however, g was found 
to be negative. This could have been accounted for if there had been a very large and unknown 
source of heating at the seaward end of the estuary, or if the sea water had become progressively 
warmer during the last 30 years, but there was no evidence for either of these conditions and this 
approach was abandoned. 

It was later noticed that, at the seaward end of the estuary, the quarterly averages of the tem- 
perature measured by thermistors (see p. 434) did not agree with those found by the L.C.C., 
in some cases the discrepancy amounting to 2 degC (see Fig. 95, p. 169). Investigation showed 
that the error could be attributed to heating of the sludge vessel (from which the samples were 
taken) as it proceeded seaward, and consequent heating of the pipe through which the sample 
entered, whereas the Laboratory’s measurements were made with the thermistor submerged in the 
estuary. The routine determination of the temperature by the L.C.C. is for the purpose only of | 
expressing the concentration of dissolved oxygen in terms of percentage saturation, and for this 
the temperature is not very critical. Although an error of 2 degC affects the solubility by only 
about 4 per cent, its effect on the calculations of heat transfer is to make it impossible to obtain 
a sensible value for the coefficient g. Consequently, satisfactory calculations could be made for 
only the ten quarters when sufficient measurements were made with thermistors for representative 
averages to be obtained. These quarters were in the years from 1951 to 1954, during which time 
the discharge of heat into the estuary did not vary greatly. 


Average value of heat exchange coefficient 


In estimating the average magnitude of g, the increases in temperature were calculated using 
different values for g and the results were compared with the observations for ten quarters. 
To reduce the amount of work it was desirable to know the approximate value of g before the 
detailed calculations were made. 

Let 6¢ be the excess rate of loss of heat from the water to its surroundings between distances 
x and x + 6x, Then 


df = —yZz Pea ok (241) 
7 dt 


where y is the width at x, and p, ¢ are respectively the density and specific heat of the water. 
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Combining this with Equation 240, it follows that 


df = pcybg dx. (242) 
The average value of g with respect to pcy@ dx is given by 


Ri= peg | 98 dx , (243) 


where the integration extends over the whole of the estuary. If the data are confined to part of the 
estuary, it may not be possible to evaluate this integral exactly, but as the temperature increment, 
§, becomes small towards the seaward end of the estuary the value of the integral can be estimated 
with sufficient accuracy for calculating an approximate value of g, the average heat exchange 
coefficient. In equilibrium conditions the total rate of loss of excess heat can be equated to the total 
increase in discharged heat (which is known) so that the value of g can be determined. A figure of 
4-0 cm/h was obtained for g in the Thames Estuary using temperature data for a particular period 
of 3 months. 

It was pointed out on pp. 408-409 that the mixing theory would not apply to any substance or 
property which was lost rapidly from the water of the estuary. If the heat exchange coefficient were 
4 cm/h at places where the average depth of water was as little as 10 ft, only about a quarter of the 
added heat would be lost from the water during the time of two tides. The use of the mixing theory 
is therefore justified. 


CALCULATION OF TEMPERATURE DISTRIBUTIONS 


The mathematics relating to the loss of a substance from the water at a rate proportional to its 
concentration were developed in the previous chapter. In the present case Equation 168 (p. 414) 
becomes applicable when the concentration C is replaced by @ (the temperature increment) and 
f by g (the heat exchange coefficient). The general solution given by Equation 169 then becomes 


HK: T dt 


Fa Wen oe T Ht Al fy fees 
O*(x+0,7) = O(x,0)e °°* +| igees\ec dit (244) 
0 


when g is assumed constant throughout the estuary, and where H (the rate of rise in temperature 
due to heat addition) replaces the general input term J. The mixing equation (Equation 148, p. 410) 
is unaltered except for replacing C, C* by 0, 6*. 


SOLUTION OF EQUATIONS 
The simultaneous solution of Equations 148 and 244 in matrix form is simply 


AG, 

ies Th’ (245) 
where A and I are the mixing and identity matrices respectively, h is the relevant displacement 
matrix, and G, the relevant input vector; this equation follows from Equation 184 (p. 419) with the 
necessary substitutions and rearrangement. his method was used in a few calculations made some 
years after completion of the original work, and it is the one that would be used if further calculations 
were required. However, when most of these temperature calculations were made, the matrix 
equations had not been developed and iterative methods! were employed. 

The earliest calculations were on desk-operated machines and using 1-mile intervals, but most 
of the work was carried out with the aid of the Pilot ACE at the National Physical Laboratory, 
using 2-mile intervals. A needless simplification was inadvertently made in all these calculations: 
the heat added within each interval of either 1 or 2 miles was considered to enter the estuary at the 
seaward end of the interval—instead of at the point which the estuary water would have reached 
at the end of half the period taken to pass through the whole section (see p. 416)—consequently 
the loss of added heat during the second half of the time of transit has been neglected; the error 
introduced by this simplification will not have been great, but will probably have led to values of 6 
(or of g) a few per cent too high. The more rigorous treatment (in which the loss of added heat 
during the interval of its addition is taken into account) follows the lines of the previous chapter 
and has also been published elsewhere!. The final equation for the temperature at the end of the 
displacement is 


n fe Fi n jy n ae t’ 
O%(x+ 0, 7) = a(x, 0)exp| ~e( ¥ can )| 423 H,.tvexp| —@(52 + Dek \| + 
t=1%% j=1 
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= 2 
+Hpant’exp(— 5), (246) 
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which is analogous to Equation 173 (p. 417) except for the following modifications in treatment 
and notation. Firstly, the values of {F dt are expressed in numerical form. Secondly, there is no 
interpolation term; in the temperature work the displacement was considered to start from one 
of the chosen points, whereas in Equation 173 it ended at one of the chosen points. Thirdly, the 
time ¢; in Equation 246 refers to the time of transit through the 7th segment—whereas in Equation 
173 it referred to the total time from the beginning of the displacement to the beginning of the 7th 
complete segment (to use such a notation in Equation 246 would lead to unnecessary complexity). 
Finally t’ is the time taken for the water to pass from the last complete segment to the end of the 
displacement. , 

When the displacement (c) is less than the interval between the chosen points, Equation 246 
reduces to 


6*(x+0,7) = O(x, O)e97? + Hear, (247) 


In the calculations made with desk-operated machines, the effects of tidal mixing were taken into 
account by using the equation 


1 aes : 

O(ayr) eq_| (O°X)-» +2 > (0*X), + {0*%(184 —17X—17Y)}, +2 d (O*Y),; + (a*Y), | ; (248) 
x j t=1 

this corresponds to a mixing length of 9 miles and an interval of 1 mile between successive chosen 

points. In the calculations made with the Pilot ACE, intervals of 2 miles were used, Equation 248 

then being modified accordingly. When calculations were made by both methods, very little 

difference was found between the two sets of results. 


i=—8 t= 


RESULTS 


For ten quarters in the years from 1951 to 1954 the increase in temperature due to artificial 
heating was calculated by the methods described, and the temperatures in the quarters were 
predicted by adding these increases to the basic temperature. In making the calculations, the heat 
exchange coefficient, g, was given a constant value throughout the estuary—as in Equation 244; 
it was expected that when the results were obtained it would be necessary to recalculate using 
values of g which varied in some systematic way with position in the estuary or season of the year. 
Two values of g, 3-7 and 4-5 cm/h, were used, but when the results for the former were compared 
with the observed data, the agreement was found to be so good that further calculations with 
varying values of g would probably have been unprofitable. ‘The results for both values of g in the 
third quarter of 1954 are compared in Fig. 244. It is not possible to say with any great accuracy 
what is the most suitable value of the coefficient, but judging from the results for all ten quarters 
3-7 cm/h appears to be the best estimate. It is seen that the predicted curves are not greatly affected 
by changing g from 3-7 to 4:5 cm/h; this is because, with these small values for the rate of cooling, 
the shape of the curve in the upper reaches is largely determined by the rate of increase in temperature 
due to the heat discharged, and in the lower reaches by the amount of dilution by sea water. 
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Fic, 244. Comparison of observed average temperature distribution in third quarter of 1954 
with distributions calculated for two rates of cooling 
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The temperature measurements made with thermistors (p. 434) did not extend throughout 
the whole estuary. ‘There was insufficient information to provide representative average temperatures 
upstream of 10 miles above London Bridge, and so the observed temperature at this point was 
accepted as a boundary condition and the temperature increments at positions from that point 
to 30 miles below London Bridge were calculated—a considerable proportion of the heat entering 
the estuary within these 40 miles has not escaped from the water by the time it reaches 30 miles 
below London Bridge. Fig. 245 shows the results of all calculations with g equal to 3-7 cm/h. 
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Fic. 245. Observed temperatures during ten quarters in 1951-54, compared with those expected if no heat 
were discharged and those calculated from heat discharged assuming heat exchange coefficient of 3:7 cm/h 


Year, quarter, and average flow at Teddington shown for each set of curves 
(The lower set of curves labelled 1954 3rd Qtr should be 1952) 


The observed and predicted curves have different shapes near the temperature maximum, 
the predicted having the sharper peak. The calculated curve is that which is in equilibrium with the 
average flow of fresh water during the quarter; the observed curve is the average temperature 
during the quarter. In nearly all quarters there is a wide variation in flow about the mean and it 
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can be seen from the observed temperatures that the position of the maximum temperature moves 
up and down the estuary with changes in flow (Figs. 233, p. 434, and 245). This must produce a 
rounding of the average curve for the quarter. 

To examine the effects of variations in the flow within a period of three months, the temperature 
distribution for a particular quarter was calculated with allowance for the major variations in flow. 
The quarter chosen was the last of 1954—because the variations in flow were large (the daily 
values of the discharge at Teddington varied between about 300 and 8500 mil gal) and because 
of the poor agreement between the observed and predicted curves in Fig. 245. The quarter was 
divided into the five periods given in Fig. 264(a) (p. 486); the variations in flow at Teddington 
throughout the quarter, and the average flow during each of the five periods, are also shown in 
the diagram. The temperature increment attributable to the average rate of addition of heat during 
the quarter, and in equilibrium with the average flow in each period, was calculated by means of 
Equation 245 (p. 449). The quarterly average distribution, as found by adding the weighted mean 
‘temperature increment to the basic temperature for the quarter, is shown by the dotted curve in 
Fig. 246; the other curves in this figure have been taken directly from the top left section of Fig. 245. 

It is seen that by making allowance for the major variations in flow within the quarter the shape 
of the predicted curve has been made much more similar to that of the curve for the observed data. 
The basic temperature calculated for this quarter is clearly not the average temperature that would 
have existed if there had been no artificial heating of the estuary; it is evident from the values 
shown by the curves at 40 miles below London Bridge in Fig. 246 that the sea temperature was 
appreciably lower than expected. 
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Fic. 246. Effect of variations in fresh-water flow on predicted temperature distribution for 
fourth quarter of 1954 


Temperature distributions: A, observed; B, basic; C, predicted to be in equilibrium with mean flow 
during quarter; D, predicted allowing for variations in flow during quarter 


MAGNITUDE OF HEAT EXCHANGE COEFFICIENT 


The average value of the heat exchange coefficient for a particular three-monthly period was 
estimated to be 4-0 cm/h (p. 449), and the most representative figure for the whole period of ten 
quarters to be 3-7 cm/h (p. 450). These figures may be compared with the mean value of 2:6 cm/h 
found in a less detailed study of a heated stretch of the non-tidal reaches of the River Lee’. The two 
results are sufficiently/close for useful (though rough) calculations to be made of the temperature 
increases likely to occur from the discharge of heat to other rivers for which the mean velocity 
and width are known. 


TEMPERATURE 453 
EFFECTS OF UNIT DISCHARGES OF HEAT 


The results shown in Fig. 245 (p. 451) suggest that the general method of calculation is valid, 
so that it can be used to calculate, within reasonable limits of accuracy, the effect on the temperature 
distribution of a change in the amount of heat discharged at any point in the estuary for any given 
fresh-water flow. Only the average increase can be obtained—there may be variations according 
to the state of the tide or the meteorological conditions at any particular time. 

It has already been shown that the temperature increase due to a new discharge of heat may be 
considered to be independent of the existing temperature; consequently, the rise in temperature 
due to a unit rate of discharge of heat at a particular point can be calculated and used in estimating 
the increases due to any other rate of discharge at that point. If a source of heat is removed, the 
result still applies, the change in temperature then being subtracted. Three sets of unit input curves 
for flows at Teddington of 170, 500, and 1500 m.g.d. have been calculated for discharges of heat, 
at intervals along the estuary, at a rate of 10% Btu/day, or ten times the unit used earlier in this 
chapter (the larger input giving more convenient values for the temperature rise); the results are 
shown in Table 172. Some of the curves for a flow of 170 m.g.d. are shown in Fig. 247; for the 
discharge at Teddington (18 miles above London Bridge) the temperature rise at the point of 
discharge is 3-1 degC and the first part of this curve has been omitted. 
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_ Fie. 247. Increase in temperature that would be caused by discharge of 10'° Btu/day at various points 
Flow at Teddington, 170 m.g.d. 


The predicted temperature increments attributable to inputs 10 miles above and 10 miles 
below London Bridge, for each of these flows, are shown in Fig. 248(a) and (b) respectively. It is 
seen that for an input at the more landward of these two positions the increase in temperature 
is more dependent on the fresh-water flow—as is to be expected—whereas for a discharge 10 miles 
below London Bridge the fresh-water flow has little effect since the dilution is provided mainly 
by the tidal flow which is large in comparison with the total land-water flow. 

If the values of the effective depth (cross-sectional area divided by surface width), tidal 
excursion, and mixing constants did not vary throughout the estuary, and if the effects of the 
land-water displacement were negligible in comparison with the tidal effects, then the temperature 
rise produced by a given rate of input of heat would be inversely proportional to the cross-sectional 
area. Despite the severity of these reservations this result is very roughly true for the 30 miles 
below London Bridge as may be found by multiplying the maximum temperature rise (as estimated 
by interpolation in each column of figures in Table 172) by the cross-sectional area of the estuary 
at the point of discharge; for the 14 inputs of 10’? Btu/day at points from London Bridge to 
30 miles below, and flows from 170 to 1500 m.g.d. at Teddington, this product ranges between 
4300 and 7800 degC ft’. 


ESTUARY 



















































































EFFECTS OF POLLUTING DISCHARGES ON THE THAMES 


454 


600-0 | 900-0 | 200-0 | 200-0 | 100-0 | #10-0 | 200-0 | £00-0 | 700-0 0 0 110-0 | 800-0 | 900-0 | 400-0 | €00-0 | 200-0 | 100-0 | 100-0 0 0 0 ST OF 
Zt0-0 | 400-0 | £00-°0 | 200-0 | 100-0 | 020-0 | 010-0 | S00-0 | 200-0 0 0 L10-0 | Zt0-0 | 800-0 | 900-0 | 400-0 | £00-0 | 200-0 | 100-0 0 0 0 nee 
$t0-0 | 010-0 | 400-0 | 200-0 | 100-0 | 220-0 | 410-0 | 800-0 | £€00-0 | 100-0 0 +20-0 | 810-0 | €10-0 | 600-0 | 900-0 | 400-0 | 200-0 | 100-0 | 100-0 0 0 “ 9€ 
610-0 | €10-0 | 900-0 | £00-0 | 200-0 | 8£0:0 | 020-0 | OLO-0 | SE0-0 | 200-0 | 100-0 | SE0-0 | 9720-0 | 810-0 | €T0-0 | 600-0 | 900-0 | €00-0 | 7200-0 | 100-0 0 0 ‘aks 32 
920-0 | 810-0 | 800-0 | €00-0 | 200-0 | T¥0-0 | 920-0 | 410-0 | 900-0 | 200-0 | 100-0 | T¥0-0 | FE0-0 | SZO-0 | 810-0 | ET0-0 | 800-0 | 400-0 | £00:0 | 200-0 | 100-0 0 “Bas 
+£0-0 | 420-0 | TLO0-0 | 400-0 | 200-0 | 70-0 | ££0-0 | 610-0 | 400-0 | 200-0 | 100-0 | S¥0-0 | SH0-0 | ££0-0 | 470-0 | ZT0-0 | TIO-0 | 900-0 | 400-0 | 700-0 | 100-0 | 100-0 home t3 
S+0-0 | O£0-0 | ¥I0-0 | S00-0 | 400-0 | T¥0-0 | EF0-0 | $Z0-0 | 600-0 | 200-0 | 100-0 | S¥0-0 | €S0-0 | FHO-0 | ZEO:0 | 770-0 | ¥I0-0 |-800-0 | S00-0 | €00-0 | 200-0 | 100-0 dat 4 
$S0-0 | 8£0-0 | 810-0 | 200-0 | 900-0 | 9£0-0 | ¥S0-0 | €£0-0 | ZIO-0 | €00-0 | 200-0 | Z¥0-0 | 850-0 | ¥S0-0 | T¥0-0 | 620-0 | 610-0 | TT0-0 | 900-0 | 400-0 | 200-0 | 100-0 ~ UaOE 
990-0 | LZ¥0-0 | 7720-0 | 600-0 | 200-0 | €£0-0 | 490-0 | T¥O-0 | STO-0 | S00-0 | €00-0 | 8£0-0 | 6S0-0 | 990-0 | €S0-0 | 9€0-0 | 420-0 | #10-0 | 800-0 | 400-0 | £00-0 | 700-0 ee AYA 
€Z0-0 | £S0-0 | 820-0 | €10-0 | O10-0 | 820-0 | TZ0-0 | 1S0-0 | 610-0 | 900-0 | 400-0 | ££0-0 | 8S0-0 | 440-0 | $90-0 | 940-0 | O£0-0 | ZI0-0 | OT0-0 | 900-0 | €00-0 | 7200-0 wet 
SZ0-0 | 0L0-0 | ¥£0-0 | 910-0 | ¥10-0 | €20-0 | $Z40-0 | 490-0 | ¥20-0 | 800-0 | S00-0 | 820-0 | 2S0-0 | 820-0 | 620-0 | 8S0-0 | ZE0-0 | 770-0 | ZI0-0 | 200-0 | 400-0 | £00-0 S 0S 
cL0:0 | €80-0 | 7¥0-0 | 120-0 | 610-0 | 610-0 | S40-0 | 620-0 | O£0-0 | EIO-0 | 800-0 | ¥Z0-0 | 940-0 | 820-0 | 760-0 | €20-0 | Z¥0O-0 | LZ0-0 | 910-0 | 600-0 | S00-0 | £00-0 Se ST 
090-0 | 460-0 | 7S0-0 | 0£0-0 | 620-0 | 910-0 | 690-0 | $60-0 | 6£0-0 | S10-0 | L10-0 | 020-0 | 6£0-0 | 120-0 | OOL-0 | 160-0 | 190-0 | S€0-0 | 020-0 | Z10-0 | Z00-0 | 400-0 ok 
840-0 | 8IL-0 | 990-0 | T¥0-0 | 6£0-0 | €10-0 | 690-0 | 6TL-0 | TS0-0 | 720-0 | STO-0 | LZT0-0 | ZE0-0 | 790-0 | SOT-0 | 9TT-0 | 080-0 | 940-0 | 920-0 | STO-0 | 600-0 | 900-0 ~ or BE 
S€0-0 | ZZT-0 | +80-0 | S$S0-0 | 186-0 | O10-0 | 840-0 | OFT-0 | 890-0 | 0£0-0 | 170-0 | +10-0 | 970-0 | 1S0-0 | OOT-0 | 6EL-0 | SOT-0 | 790-0 | 9£0-0 | 020-0 | ZI0-0 | 800-0 ~ ee Ce 
cc0:0 | €TL-0 | TEE-O | 180-0 | S40-0 | L00-0 | ZE0-0 | TST-0 | €60-0 | ¥¥0-0 | 620-0 | TT0-0 | FZ0-0 | T¥O-0 | 080-0 | 8ST-0 | 9FT-0 | 880-0 | 0S0-0 | 870-0 | 810-0 | TIO-0 ~ OL 
410-0 | ZZ0-0 | Z¥L-0 | 9TT-O | COL-0 | S00-0 | 920-0 | 9ET-O | FET-O | 890-0 | THO-0 | 800-0 | 9T0-0 | ZE0:0 | 290-0 | OLT:0 0¢c:0 | 6cT-0 | ¥L0-0 | Z¥0-0 | 970-0 | 910-0 +, eat 
400-0 | 9€0-0 | €61-0 | 9ST-O | FET-0 | €00-0 | STO-0 | 980-0 | €61-0 | SOT-0 | 790-0 | 900-0 | ZIO-0 | €70-0 | 640-0 | SET-0 +c-0 | S6T-0 | 6IT-0 | 890-0 | T¥0-0 | SZ0-0 i 
+00-0 | 610-0 Sc:0 | S6L:0 | Z9T-0 | 700-0 | 600-0 | 6S0-0 6c-0 | ¥ST-0 | 880-0 | $00-0 | 600-0 | LZI0-0 | 9£0-0 | TOT-0 9¢:0 O£-0 | CLT-0 | 260-0 | 090-0 | 9£0-0 =? 
700-0 | 800-0 +c-0 €c:0 | S6T-0 | 100-0 | S00-0 | 6£0-0 ee. (0) CC-O! | 6LE=0! |} €00=0 | 900-07) CIO-0 | C00") €Z0-0 €G:0 S¢-0 Sc-0 | StL-O0 | 680-0 | €S0-0 MOTEq 7 
100-0 | 700-0 tc-0 LoaG CGaU) 0 €00-0 | 120-0 €£-0 O£€-0 | 091-0 | 200-0 | 400-0 | 800-0 | 910:0 | Z¥0-0 | LET-0 8£-0 8c-0 12-0 | O€T-0 | 620-0 0 
0 100-0 | 9FT-0 Geath +c7-0 0 c00-0 | 600-0 8¢-0 I+:0 7Z-0 | 100-0 | 200-0 | $00-0 | 010-0 | 620-0 | 260-0 Se-0 8+-0 BEsOR C607 EEO ae We 
0 0 950-0 | €£-0 Te-0 0 LOOZOS TLOOZO NES SEO 9S -0 67:0 | 100-0 | 100-0 | €00-0 | S00-0 | 910-0 | ¥$0-0 0c-0 Ts -0 S+-0 SCZO ME Coro sia e 
0 0 L10-0 Fe-O! | erE-0 0 0 700-0 | 7S0-0 6S-0 6£-0 0 | 100-0. | 100-0 | £00-0 800-0 | +20-0 | 001-0 | 8-0 99-0 Tr-0 Sc-0 ; =o 
0 0 900-0 87-0 9£-0 0 0 100-0 | 020-0 1s -0 8r-0 | 0 | 0 | 0 100-0 | £€00-0 | OL0-0 | 870-0) .9¢-0 69-0 LS-0 S¢e-0 | oe 
0 0 100-0 | 881-0 6£°0 0 0 0 00-0 8-0 LS-0 0 | 0 0 0 100-0 | £00-0 | ST0-0 | 080-0 99-0 18-0 64r-0 e MOE 
0 0 0 £60-0 Ir-0 0 0 0 100-0 LG 99-0 0 | 0 0 0 0 100-0 | 700-0 | ¥£0-0 L¥r-0 (Ge |b 69-0 ct 
0 0 0 1z0-0 cr:-0 0 0 0 0 +S0-0 SZ-0 0 | 0 | 0 0 0 0 100-0 | O10-0 | 720-0 $6:0 Shep mere 
0 One FO 0 br-0| 0 0 0 0 0 130% 4 0; 9 0 0 0 0 0 0 0 0 .| 860-0} 0-2 oe) 
0 0 0 0 Sr-0 0 0 0° 0 0 46:0 | 0 | 0 0 0 | 0 0 0 0 0 | 0 Bota oA0Ge ST 
07 Or 0 OL Ns Oli OF OG a Ol 0 | OF Chi OS CG 0¢ ST OF g 0 g Or | ST 81 
| | | | / | | 
Ss i ee | = a 
mojyag | a200RF | mojyag | a200P | mojag an0qgPy | (ap1-fjoy js 
| | | | aipug uopuory 
; “a 3 - : " 7 moAf saz) 
(aspiag uopuoT wos sajuu) asanyasip fo uo1qisog u01]1SOq 
| | 





‘pF ut OOS] uoqsuippay iw mop | ‘PFU OOS uojsuippal Ww M0} 7 | ‘PFU OL] uojsurppal, w m0pq / 





y/wo 7 .¢ QUdTDLYa0D asuBYdXO JwaP{ 


Avp|N1g oO] {0 asavyrsip 07 anp (Qaap) aspaaout aanqosaqua J, *Z/L 1 3190.1, 


TEMPERATURE 455 


2 
~ 


Flow at Teddington (m.g.d.) 
[70 





(degC) 
—) 
On 


=e 
— - tA 











TEMPERATURE RISE 
OQ 
A 











sy ol oma 8, 20 30°10 < (ore |e OMe MNA0 


Above Below Above Below 
MILES FROM LONDON BRIDGE AT HALF - TIDE 


Fic. 248. Comparison of effects of fresh-water flow on distribution of temperature due to discharge of 
10'° Btu/day (a) 10 miles above and (b) 10 miles below London Bridge 


Application of unit input curves 


A possible application of this last result is that if the observed temperature rise due to a single 
large discharge of heat to an estuary is known, the effect of discharges of any size at any other 
point not too near the head of the estuary may be estimated roughly. 

From the three sets of unit input curves of which details are given in Table 172, it is possible, 
by interpolation or extrapolation, to estimate the distribution of temperature increments due to 
an input of 10!° Btu/day at any point of the estuary for equilibrium at all but the highest flows of 
fresh water; increments due to other rates of discharge of heat will be proportional to the rate. 

The unit input curves can thus be used in predicting changes (from the existing equilibrium 
temperatures of the Thames water) which would be caused by the discharge of additional heat 
or by the removal of an existing source of heat. As an example, we may calculate the temperature 
distribution which would have existed in the third quarter of 1954 if the heat rejected from Battersea 
Power Station had entered the estuary 20 miles below London Bridge instead of 3-7 miles above it. 
This example involves the removal of an existing discharge and the addition of a new one, and 
illustrates the type of calculation which would be relevant to the siting of a new power station. 

The average flow at Teddington during the quarter, 506 m.g.d., was close enough to 500 m.g.d. for 
the unit input curves for this flow to apply. From a diagram of the same type as Fig. 297 (pp. 558-559) 
an interpolated curve was obtained for the rise in temperature attributable to an input of 10” Btu/day 
3:7 miles above London Bridge. The rate of heat rejection from the power station during the 
quarter was 25:5 x 10° Btu/day, or 2:55 times as large; if the unit input curve for 3-7 miles above 
London Bridge is multiplied by this number, the increase in temperature attributable to the power 
station is obtained. In Fig. 249 the continuous curve shows the observed average temperatures 
during the third quarter of 1954 and the dotted curve shows the effects of subtracting the temperature 
due to the power station at Battersea. Similarly by taking 2-55 times the unit input curve for 
20 miles below London Bridge and adding, the effect of introducing the same amount of heat 20 miles 
below is obtained; the broken curve shows the net effect of removing the source of heat from 
Battersea and introducing an equal source of heat 20 miles below London Bridge—in the 
neighbourhood of Dartford or Purfleet. 

A further application of unit input curves is to compare the temperature increments due to 
the heat rejected from the C.E.G.B. power stations in different years. This comparison has been 
made for the Statutory Minimum flow at Teddington of 170 m.g.d., for which the data in Table 172 
are most detailed. In Fig. 250 the temperature increments shown have been calculated from the 
average rates of rejection of heat from each power station in the years starting 1st April 1954, 1956, 
1958, 1960, and 1962; and also from estimates by the C.E.G.B. of the heat likely to be discharged 
from each power station in 1965 and 1968. It is seen that, in spite of the increasing rate of heat 
rejection since 1954 (Fig. 231, p.428), the maximum temperature increment under low-flow 
conditions in 1968 is expected to be only half as great as in 1954; this is a result of the seaward 
shift of the centre of gravity of the heat discharged—new plant, of large capacity, being brought 
into operation at Tilbury and West Thurrock while some of the older stations further upstream 
are gradually closed down. . 
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of 1954 compared with distributions predicted if Battersea Power Station had discharged no heat 
(dotted curve) and if its heat had been discharged 20 miles below London Bridge (broken curve) 
2. 
UO 
res) 
v 
& ©) 
uJ 
os 
(a 
uJ 
x 
2} 
be 
< 
x 
Lad 
oO 
= 
lJ 
Re 


10 +— (=> 10 20 30 40 
Above Below 
MILES FROM LONDON BRIDGE AT HALF -—-TIDE 


Fic. 250. Calculated temperature rise due to discharge of heat from C.E.G.B. power stations for 
flow of 170 m.g.d. at Teddington 


Curves for years starting Ist April 1954-1962 calculated from average rates of heat rejection, those 
for 1965 and 1968 from predicted rates 
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CHAPTER 17 
Comparison of Observed and Calculated 


Conditions 


One of the principal objectives of this study of the Thames Estuary has been to develop methods 
of predicting the condition of the water. If this can be done, the minimal measures required to 
maintain the estuary in an inoffensive state can be determined, and the effects likely to follow 
changes in factors affecting the condition may be calculated. 

The methods of calculating distributions of dissolved oxygen and associated substances were 
developed in Chapter 15. The complexity of the calculations, and the lack of precise knowledge 
about many of the factors involved, made it essential that a detailed comparison be made between 
the condition observed in recent years and that calculated by these methods, before they were 
used in predicting the state of the estuary if certain changes were made in the polluting loads and 
other factors. ‘This comparison is the subject of the present chapter. 

Before describing the results of these calculations, further particulars are given of the manner 
in which they are made and one set of calculations is discussed in detail. After comparing the 
observed and calculated conditions, slight amendments are made to the methods so as to reduce 
some of the discrepancies; the amended methods are those used in the next chapter for predicting 
future conditions. 


BEHAVIOUR OF OXIDIZABLE SOLIDS 


The methods developed in Chapter 15 referred specifically to dissolved substances, but a 
substantial part of the polluting load entering the estuary is in the form of suspended matter which 
cannot be assumed to behave in the same way as dissolved substances. In particular, a large 
quantity of material is deposited on the bed of the estuary and is later removed in the course of 
dredging operations. It is evident that the behaviour of oxidizable solids must be taken into account 
in so far as this is possible from the limited information available. 


MOVEMENT OF SUSPENDED SOLIDS 


Variations in the concentration of dissolved substances over a cross-section of the estuary are 
generally small (see, for instance, pp. 17-19 and 172-174), and such substances discharged to the 
estuary soon mix across it. ‘Thus it was reasonable to treat their dispersion as a one-dimensional 
problem (the single dimension being distance along the estuary) and to neglect the variations over 
any cross-section. The concentration of suspended solids (see pp. 194-198), however, is by no 
means constant over a cross-section, often having a pronounced vertical gradient; it is probable that 
deposition and erosion occur during every tidal cycle. Although it is known! that the movement of 
suspended materials is different from that of dissolved substances, there is insufficient quantitative 
information from which the dispersion of solids may be estimated. Consequently, in the subsequent 
calculations it has been necessary to assume that the movement of those solids not deposited in 
the estuary is identical with that of dissolved substances; this assumption can be justified only 
if it leads to substantially correct calculated distributions of substances in the estuary. 


ERFFECTS*OF DEPOSITION 


Some of the organic solid particles entering the estuary, together with others formed within it 
by the synthesis of algal or bacterial cells, settle to become part of the bed. If these materials are 
removed from the system by dredging, they clearly no longer affect the condition of the water and 
allowance must be made for this. 

Over a period of years it may be assumed that the rate of loss by deposition of oxidizable solids 
is equal to the rate at which such material is removed by dredging. 'This was discussed on pp. 327-328 
where details were also given of the estimated average concentrations of organic carbon and 
oxidizable nitrogen in dredging spoil and of the rate of removal of U.O.D. from the estuary by 
dredging. In the calculations, this removal of oxidizable material is treated in exactly the same way 
as the entry of polluting matter—but as a negative quantity so that the rate of removal from each 
2-mile reach is subtracted from the rate of addition due to the discharges from land sources. In a 
reach where the loss by deposition exceeds the direct entry from land sources, the net entry will be 
negative. However, since the parts of the Thames Estuary in which deposition is greatest are also 
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those in which the effects of pollution are most apparent, mixing from adjacent 2-mile segments 
ensures that the net concentration of each polluting substance is positive in each segment. If, in 
another estuary, most of the deposition occurred at a point remote from the chief source of pollution, 
the assumptions underlying this method of calculation would be invalid, since it would clearly 
be inadmissible to assume that the movement of suspended oxidizable matter was even roughly 
the same as that of material in solution. 

The methods of estimating the quantity of U.O.D. removed from the estuary during dredging, 
and hence the allowance necessary for the loss of oxidizable matter by deposition, were discussed 


on pp. 327-328. 


NET EFFECTS OF DEPOSITION AND RESIDUATSI sy 


On p. 347 it was found convenient to introduce the term ‘residual U.O.D.’ to represent the 
difference between the total average rates of entry of polluting load in terms of U.O.D. and of 
effective oxygen demand. Part of this term represents the uncertain quantity of material which has 
a theoretical oxygen demand (U.O.D.) but which is virtually inert; the remainder—as implied 
on p. 347—refers, in effect, to a hypothetical substance and arises from the method of deriving the 
effective oxygen demand. The average value of the residual U.O.D. was estimated to have been 
254 tons/day in 1950-53, or 18 per cent of the total U.O.D. load. It was assumed that part of the 
residual U.O.D. was included in the solids deposited on the bed and later removed during dredging, 
and that the remainder escaped from the estuary by land-water displacement and tidal mixing 
through the seaward boundary. 


Adjustment of exchange coefficient 


At the time of making the calculations described in the present chapter, the final revision of the 


oxygen balance (Chapter 12) had not been completed, and the average value of the exchange. 


coefficient derived for 1950-53 was 5-9 cm/h instead of the 6-1 cm/h given by Equation 89 (p. 346). 
If it were assumed that all the residual U.O.D. is deposited on the bed of the estuary the most suitable 
value to use would be 5-9 em/h (because the oxygen-balance calculations took no account of loss 
of residual U.O.D. to the sea), whereas if it were assumed that it all escapes to the sea the exchange 
coefficient would become 3:7 cm/h. Provided the exchange coefficient is adjusted to maintain the 
oxygen balance in accordance with the assumption made about the residual U.O.D., the correctness 
of the assumption (although important in assessing the average value of the exchange coefficient) 
is of little importance in calculating the distributions of dissolved substances; this may be seen from 
Fig. 251 where the dotted curves are for 5-9 cm/h and the broken ones for 3-7 cm/h—the distri- 
butions being calculated for average conditions in four particular quarters by the methods discussed 
in the present chapter. 
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Fic, 251. Four sets of calculated quarterly distributions of dissolved oxygen, and of ammoniacal and nitric 


nitrogen, assuming all residual U.O.D. deposited on estuary bed and exchange coefficient of 5-9 cm/h (dotted lines), 


or all residual W/O.D. escaping to sea and exchange coefficient of 3-7 cm/h (broken lines) 
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The value adopted for the exchange coefficient in subsequent calculations was 5 cm/h, and this 
required the assumption that 59 per cent of the residual U.O.D. was deposited and 41 per cent 
escaped to the sea; it was later found (p. 347) that, using the revised data, each of these proportions 
should in fact have been 50 per cent to give the value of 5 cm/h, but the former proportions are 
those used in this chapter. 

For individual calculations the relevant values of the residual U.O.D. have been used, the 
proportion considered to be deposited being maintained at 59 per cent and the exchange coefficient 
at 5 cm/h. The largest variations in the residual U.O.D. are due to variations in the flow at 
Teddington—the water from the Upper ‘Thames containing a substantial concentration of organic 
material which is not readily oxidizable (see Table 87, p. 242). Consequently the net deposition 
term in first quarters (when the flow is generally greatest) is very much less than in third quarters 
when the input of the residual U.O.D. is small in comparison with the removal by dredging; 
this seems reasonable since at times of high river flow there is less likelihood of deposition occurring 
in the mud reaches. 


Rates of oxidation 


The relative rates of deposition of the residual U.O.D. in different reaches of the estuary are 
taken to be the same as the corresponding average rates of removal of U.O.D. by dredging. 
Subtraction of the former term from the latter gives the net distribution of the deposition load. 
The contribution to each 2-mile segment is then treated as a negative source of pollution within 
the segment. It is assumed that the organic carbon and oxidizable nitrogen (the latter considered 
to be present entirely as organic nitrogen) are destroyed at the two rates used elsewhere for these 
substances, the relative proportions oxidized at the fast and slow rates being the same as for the 
total polluting load entering the estuary. 


CONSIDERATION OF ASSUMPTIONS ON RATES OF OXIDATION 


In the course of developing methods of calculating distributions of dissolved oxygen and 
associated substances (pp. 415-425), it was necessary to make certain assumptions about the effect 
of the oxygen concentration on the rates of oxidation of carbon and nitrogen, and on the rate of 
reduction of nitrate. The five assumptions were stated on p. 421 and the reasons for making them will 
now be considered. 

It must be made clear at the outset that these assumptions cannot be justified in detail. The laws 
relating rates of oxidation to oxygen concentration are not known with any precision, and even if 
they were it would probably have been impracticable to take account of them without the final 
equations becoming so complicated as to make their solution (despite the use of the electronic 
computer available) considerably more difficult. Because of the complexity of the final equations, 
it was essential that the assumptions should be the simplest that were reasonably compatible with 
such information as there was about these laws. 


OXIDATION OF ORGANIC CARBON 


The first assumption was that “The rate of oxidation of organic carbon is independent of the 
concentration of dissolved oxygen.’ This was discussed on pp. 214-215. 

It is further assumed (Assumption 4, p. 421) that where the oxidation of organic carbon would 
cause the oxygen content to fall below 5 per cent saturation, nitrate is reduced at a rate sufficient 
to maintain the oxygen content at 5 per cent until all the nitrate is exhausted, after which the 
remaining dissolved oxygen is utilized. The effect of the level of dissolved oxygen on the rate of 
reduction of nitrate was examined on pp. 249-252 where it was shown that denitrification could 
occur in the presence of about 10 per cent dissolved oxygen, the rate of denitrification increasing 
as the oxygen content was lowered. To avoid unduly complicating the equations developed in 
Chapter 15 it was decided that it would not introduce serious errors if all the reduction were assumed 
to occur at 5 per cent. The assumption that the rate of carbonaceous oxidation is unaffected cannot 
be fully justified; the same assumption is made in Lederer’s method? of determining the B.O.D. 
by nitrate reduction. 

Assumption 5 (p. 421) was that ‘Where both oxygen and nitrate are absent, oxidation of organic 
carbon is maintained at the same rate by reduction of sulphate... .’ The absence of sulphate reduction 
in the presence of dissolved oxygen was discussed on pp. 259-261. It is unlikely that the reduction 
of sulphate occurs so readily that the rate of carbonaceous oxidation is unaffected, but the 
concentrations of sulphide found under anaerobic conditions in the estuary indicate that the rate 
must be substantial. 

If there is, in fact, an appreciable diminution of the rate of carbonaceous oxidation at low and 
zero oxygen concentrations, unoxidized material will tend to accumulate in the reaches of the 
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estuary where such conditions exist, and most of this material will eventually be oxidized just 
seaward of these reaches. This will make the calculated quantities of nitrate and sulphate reduced 
too large (unless all available nitrate is reduced) and the calculated distance over which low oxygen 
conditions exist too short. Provided the observed and calculated lengths are in reasonable agreement 
the assumptions may be accepted as sufficiently accurate for these calculations. 


OXIDATION OF AMMONIA 


Assumption 2 (p. 421) was that ‘Where the concentration of dissolved oxygen is greater than 
5 per cent saturation, the rate of nitrification is proportional to the concentration of ammonia 
present.’ The other assumptions on the oxidation of ammonia were that when nitrification 
at this rate would reduce the oxygen content to less than 5 per cent, nitrification is restricted so 
as to maintain the oxygen content at this level as long as possible, and ceases when this is no 
longer possible. 

The most direct experimental evidence on which Assumption 2 is based is that given on p. 220 
where it is shown (Fig. 144) that, in experiments with ‘Thames water in which the dissolved-oxygen 
content was maintained at certain levels, the rate of nitrification at about 20°C was little affected 
by the level of dissolved oxygen when this was above 3 p.p.m.; the experimental curve is reproduced 
as Curve A in Fig. 252(a) but with the rate plotted against percentage saturation instead of 
concentration of dissolved oxygen. 


100; 





(b) 


~\ 
> 
\ 
a 
a ge am 


RATE (per cent) 








Pele ccs Cr eran Be oe ei | 
20 40° 60: .80'°100.:0-« 202 540) i6GeeBO mae 


DISSOLVED OXYGEN (per cent saturation) 


Fic. 252. Rate of (a) nitrification, as per cent of rate in water saturated with dissolved 
oxygen, and (b) denitrification, as per cent of rate under anaerobic conditions 


Broken lines, experimental relations; continuous lines, assumed relations 





Recent laboratory experiments (Curve B, Fig. 252(a)), using a dropping-mercury electrode 
and a rapidly responding potentiometric recorder, showed that at about 18°C the rate of uptake ~ 
of oxygen by a nitrifying activated sludge mixed with sewage did not decrease significantly until 
the oxygen concentration fell below about 4 per cent saturation. Thus, one set of experiments 
indicated the critical level of dissolved oxygen to be well above, and the other just below, 5 per cent 
saturation. While lack of detailed information about the effect of the level of dissolved oxygen on 
the rate of nitrification is doubtless a source of uncertainty in the calculated distributions of dissolved 
oxygen, ammonia, and nitrate, it is believed that the assumption adopted was the most reasonable 
in the circumstances and will not have introduced errors sufficiently large to invalidate the 
conclusions drawn from the work. 


IMPLICATIONS 


The rates of nitrification and denitrification found experimentally, and those assumed for the 
purposes of the calculations, are compared in Fig. 252. Curves A and B have already been discussed. 
The continuous line in (a) is based on the assumptions that: below 5 per cent saturation no nitri- 
fication occurs; above 5 per cent, nitrification occurs at the same rate as in water saturated with 
dissolved oxygen; and at 5 per cent the rate of nitrification may take any intermediate value. 

In Fig. 252(b) the broken line is based on the results of denitrification experiments shown 
in Fig. 153 (p. 249) but with some weight being given to the results of two series of experiments 
(Table 90, p. 252) in which denitrification continued in the presence of 0-53 and 0-85 p.p.m. 
dissolved oxygen (6:5 and 10-5 per cent saturation). 
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The vertical line in Fig. 252(b) represents the oxygen level (5 per cent) at which it has been 
assumed that denitrification occurs. Clearly, these assumptions on rates of nitrification and 
denitrification are only rough approximations to the rates observed. 

It is evident, from the assumptions made on p. 421, that the methods of calculation cannot 
lead to a prediction of less than 5 per cent dissolved oxygen at any place where the presence 
of nitrate is also predicted. In practice the observed distributions by no means follow this simple 
pattern—as may be seen from Fig. 155 (p. 253). The results of the 52 weekly surveys made by the 
Laboratory in the year ending 30th September 1954 have been examined in some detail. Four sets 
of curves illustrating typical conditions during that year are shown in Fig. 253; the curves in (d) 
are in general agreement with the assumptions made above—the oxygen curve levels out at 
roughly 5 per cent, and the oxygen and nitrate values are zero over the same reaches of the estuary. 
In (a), (b), and (c), however, there is no flattening of the oxygen curve at 5 per cent, and the oxygen 
falls to zero in the presence of substantial amounts of nitrate. 
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Fic. 253. ‘Typical distributions of dissolved oxygen, nitric nitrogen, and dissolved sulphide during four surveys 
made by the Laboratory in 1953-54 


The average lengths of the reaches containing concentrations of dissolved oxygen and nitrate 
within certain specified ranges have been read from each of the 52 sets of curves. With a distance 
of roughly 2 miles between the sampling points (Fig. 253) it is clearly not possible to determine 
these lengths with any great accuracy and each one was estimated to the nearest mile. The average 
values (to one decimal place) are shown in Table 173 for each quarter and for the whole year. 

It is found that, on average, the nitrate first reached zero about 5 miles downstream of the 
point where the oxygen first reached zero; this is contrary to what would be predicted by the methods 
of calculation that have been adopted. Further, the assumptions that have been made could not 
lead to any figure but zero in Columns 3-5 since, if nitrate is present, the oxygen content is required 
to be not less than 5 per cent and, if nitrate is absent, the oxygen content must be less than 5 per cent. 
The total average values for Columns 6-7 are seen to be 12-6 miles and those for Columns 3-5 
to be 14-2 miles. It is unlikely that conditions in the estuary are ever in equilibrium: not only are 
there continual fluctuations in the fresh-water flow and the polluting load, but the rate of reaeration 
is dependent on wind velocity, and there is the continual change between spring and neap tides. 
Consequently the discrepancy between observed and calculated curves, under average conditions 
during a period of several months, may not be as greatly in error as the figures given in Table 173 
suggest—it is important to distinguish between averages of the type given in the table which are 
for individual days, and those obtained from average quarterly curves. 

In Fig. 254(a) the average length of the estuary devoid of dissolved oxygen is plotted against 
the length devoid of nitrate for each of the individual surveys in the year being considered. The 
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straight line is the one which would be obtained if the lengths of these two reaches were identical. 
Since the assumptions require that the oxygen content does not fall to zero until after all the available 
nitrate has been used, the plotted points would ideally all lie slightly below this line. In Fig. 254(b) 
corresponding data are plotted for the length containing dissolved sulphide; in some of the surveys 
the measurements were not made over a sufficient distance to obtain the limits beyond which zero 
values occurred, so that it is not possible to estimate the length of this reach accurately—these less 
certain values are shown by open circles in the diagram. It is seen that the reach containing dissolved 
sulphide is appreciably shorter than the reach devoid of nitrate and hence, from the results shown in 
Fig. 254(a), even shorter than that devoid of dissolved oxygen. 


Table 173. Average number of miles of estuary containing concentrations of oxygen or nitrate within 
specified ranges during 52 weekly surveys made by the Laboratory in 1953-54 


Oxygen <5 per cent implies dissolved oxygen present, but with concentration less than 5 per cent saturation 






































Nitrate present Nitrate absent 
Oxygen Oxygen Nitrate 
Year | Quarter 
Oxygen Oxygen Oxygen Oxygen Oxygen a i ms beh: 
<S5 percent | absent | >S5 percent | <5 percent | absent 
1953 4th 6:5 oi 0:2 22 18:3 8:7 23-4 2027 
1954 1st 10-2 3:6 Nil Nil 3°3 10:2 6:9 333 
5 2nd 10-0 720 Nil 0-9 8:2 10-9 i yG¥2 9-1 
¥ 3rd 10-3 4:2 Nil 3:8 13-9 14:1 18-1 igi 9 
Average 922 50 0:0 1-7 10-9 10:9 15:29 12°6 
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EtG, 254. Relations between length of estuary devoid of nitrate and (a) devoid of dissolved oxygen, and (b) 
containing dissolved sulphide, from weekly surveys made by the Laboratory in year ending 30th September 1954 


Open circles indicate length estimated from incomplete sulphide data 


It would appear from Table 173 and Figs. 253 and 254 that the assumptions made about the 
effects of level of dissolved oxygen on rates of oxidation and denitrification are over-simplified. 
The resulting errors in the calculated distributions of dissolved oxygen and associated substances 
may be expected to be greatest when the oxygen content is between 0 and 10 per cent. 
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CALCULATION OF TYPICAL SET OF DISTRIBUTIONS 


The equations used in calculating the distributions of dissolved oxygen and associated 
substances were developed in Chapter 15, and the final matrix equations, which are solved by an 
electronic computer, were given on p. 425. The practical details of applying these equations may 
be illustrated by describing the calculations relating to one of the 48 three-monthly periods for 
which distributions have been calculated. The period chosen is the third quarter (July-September) 
of 1950; anaerobic conditions persisted over many miles of the estuary throughout this quarter 
(Fig. 62(b), p. 124)—presumably with the occurrence of sulphide (Fig. 81, p. 154)—so that it is 
to be expected that reduction of sulphate will be predicted, and hence that each of the terms 
U, V, W in Equation 232 will contain non-zero values. 


DISPLACEMENT MATRICES 


The first stage in the calculations is to determine the displacements themselves, the correction 
for dilution (p. 411), and hence the basic displacement matrix; these factors are determined by 
the fresh-water flow over Teddington Weir—the average value of this during the third quarter 
of 1950 was 358 m.g.d.—and the land-water flow from other sources. Each of the other displacement 
matrices, p, q, r, S, t, u, v, w, required in Equations 228-232 is derived from the basic displacement 
matrix, b (see p. 417). 

The figures in Column 1 of ‘Table 174 show the positions for which the calculations are made, 
namely at 2-mile intervals from 18 miles above London Bridge (or less than 1 mile below Teddington 
Weir) to 50 miles below London Bridge (some 4 miles seaward of Shoeburyness). These 
35 positions are referred to more simply by the co-ordinate numbers shown in Column 2. 

The land-water displacement, o, during one tide for a flow of 358 m.g.d. at Teddington is 
given in Column 3. In earlier calculations the displacements downstream from the mile points 
were used (p. 410), whereas in the present calculations it is the displacements arriving at the 2-mile 
points that are required. The original displacements were obtained as follows. The average rates of 
entry of water to each mile reach of the estuary were estimated for 14 values of the flow at 
Teddington from 170 to 6500 m.g.d. By cumulative addition to the flow at Teddington the total 
land-water flow past each mile point was found. The total mean volume of the estuary down to 
each mile point was read from Fig. 5 (p. 7). The downstream displacement from a mile point was 
then found by adding, to the volume down to that point, the land-water flow (per tide) past it, 
and then determining the position equivalent to this total volume in Fig. 5. In calculating the 
displacement from any particular mile point, no allowance was made for the entry of further land 
water from sources within the displacement but the error introduced is negligible. 

The displacements relating to the water arriving at the 2-mile points, for the later calculations, 
were obtained by replotting the data and interpolating. Plotting all the values for the displacements 
to each particular point against the flow over Teddington Weir made it possible to read directly 
from the appropriate curve the value for any intermediate flow. 

In Chapter 15 o was put equal to nw+q where w is the distance between the chosen points 
(that is 2 miles), m is an integer, and q is the remainder (Table 154, p. 416). As the flow was small 
in the quarter under consideration, the displacements in the upper reaches are much smaller than 
they would be at times of high flow; in fact, it is seen that for only the first two values of o does the 
displacement exceed 2 miles, so that for these two positions m is equal to unity and g to 0-31 and 
0:17 mile respectively, and for all points further downstream g = o. ‘The water arriving at 18 or 
16 miles above London Bridge at the end of the displacement will have started above Teddington 
Weir at the beginning of the average tidal period of 12 h 25 min; no value is assigned to o in 
such cases. 

The adjustment required for dilution of substances present in the estuary, by the entry of 
discharges within the distance o, was discussed on p.411. The dilution factor Q/(Q+AQ) 
of Equations 175 and 176 (p. 417) is shown in Column 4 of Table 174. This factor was first 
determined for the four flows indicated in Fig. 12 (p. 14) and for two higher flows, values for 
intermediate flows then being found by graphical interpolation. 


Basic displacement matrix 


The terms of the basic displacement matrix are seen (p. 417) to be simply the products 
of the dilution factor and of each of two interpolation factors g/w and (w—q)/w. Thus, in obtaining 
each entry for 6, in Column 5 of Table 174, the dilution factor has been multiplied by q/w. 
Similarly, from the product of the dilution factor and (w—g)/w, the values of by, are obtained 
(Column 7). The co-ordinate numbers of the positions to which these terms are applied are shown 
in Columns 6 and 8 respectively. 

The values of 5, and b, in matrix form are shown in Table 175 where the position at the end of 
the displacement is indicated by the number of the row (as in the mixing matrix of Table 155, p. 419) 
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466 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


and the point of application by the column number. It follows from Equation 174 (p. 417) that 5, is 
applied at the first 2-mile point upstream, and 6, at the first 2-mile point downstream, of the start 
of the displacement. Thus, for the displacement ending at London Bridge, 5, is applied to the 
concentration at 2 miles upstream (that is Co-ordinate 9) and 6, to that at London Bridge 
(Co-ordinate 10); for the displacement ending 14 miles above London Bridge, 6, is applied at 18 miles 
above London Bridge (Co-ordinate 1) and 6, at Co-ordinate 2. 


Boundary conditions 

The condition of the estuary at the boundaries must be known or assumed. As the concentrations 
of polluting substances are small in the vicinity of the seaward boundary 50 miles below London 
Bridge, it was assumed that there was no entry of substances from seaward of this point (see p. 418); 
for dissolved polluting matter this assumption probably introduces no significant error to the 
calculations, but there is believed to be a net entry of solid matter from the sea (pp. 322-325). 
By ignoring the supersaturation that occurs in the outer estuary during periods of photosynthesis 
(see, for example, Table 142, p. 343) it may be expected that the calculated concentrations of 
dissolved oxygen in the lower estuary during the second quarter of the year will be too low—quite 
apart from the fact that no allowance is made for photosynthesis within the estuary (see also 
pp. 344-345). 

For the purpose of these calculations the estuary is considered to start 18 miles above London 
Bridge (Co-ordinate 1) and the concentration of each substance (except dissolved oxygen) is put 
equal to the observed or estimated concentration at this point. This is achieved by including the 
whole of the entry from the Upper Thames in the input vectors. To exclude this term from the 
displacement matrix the first value of 5, is put equal to zero. 

In the calculations of dissolved oxygen, however, it was difficult to decide on the most suitable 
value to use for the oxygen deficit at the landward boundary since the L.C.C. does not sample from 
the uppermost 5-8 miles of the estuary (above Kew). Preliminary calculations showed poor agreement 
between the observed and calculated distributions when using a value based on the average oxygen 
deficit below Teddington Weir, this value being estimated from the L.C.C. data for the oxygen 
content above the weir and the Laboratory’s measurements of the exchange of oxygen in the water 
passing over it (pp. 335-336). This lack of agreement was attributed to uncertainties in the oxygen 
exchange, as the measurements had been made when the flow was confined to a particular section 
of the weir. The operation of the half-tide weir at Richmond (15-5 miles above London Bridge) 
and uncertainties in the values of the mixing constants for the upper reaches were further compli- 
cating factors. For these reasons it was decided to select a value for the oxygen deficit at Co-ordinate 1 
such that the calculated curve passed through, or close to, the observed values of the oxygen content 
found at Kew and Barnes at low water (half-tide positions 15-6 and 14-7 miles above London 
Bridge respectively). It later transpired that the major source of error in predicting the condition 
of the upper reaches was the variation of flow within the quarter, the calculated distributions 
being for equilibrium with a constant flow equal to the average flow during the quarter (see 
pp. 485-487). When the calculations were made (in 1961) it was realized that the load from Acton 
Sewage Works was not known with sufficient accuracy (pp. 78-79) but it was not realized until 
after completion of the calculations that there was also considerable uncertainty with regard to the 
load from Mogden Sewage Works (p. 75). 

At flows greater than 350 m.g.d. the displacement during one tide in the part of the estuary 
near Teddington Weir is greater than 2 miles, but the concentrations at co-ordinates near to the © 
boundary cannot be related to concentrations outside the boundary because these are unknown. © 
If the time of displacement from Co-ordinate 1 to Co-ordinate m is less than the time of a tide, — 
the concentrations at Co-ordinate m are derived from the concentrations at Co-ordinate 1, and 7 in 
each of the matrices discussed below is replaced by the time of displacement from that co-ordinate. 


Derivation of other matrices 

The various displacement matrices of Equations 228-232 (p. 425) are derived from the basic 
displacement matrix (b) by multiplying each term in it by a factor which depends on the particular 
substance being considered; the derivation of these factors was discussed as each matrix was 
introduced on pp. 421-423. Except in the cases of s, u, v, and w, the matrices are derived from b by 
substitution of appropriate functions for F in Equations 175 and 176 (p. 417); the matrix s is 
identical with b. 

The matrices u, v, and w are derived from the first of the two terms on the right-hand side of — 
Equation 191 (p. 420), but with the exclusion of X, since this is the factor by which the matrices 
are to be multiplied. Thus, for the formation of nitrate, it follows from the substitutions given 
near the foot of p. 422, that 

u = 2b(1—e-*’), (249) 


where « has been assumed to be constant throughout the displacement and its magnitude to be 
given by Equation 29 (p. 219), the temperature being that for the end of the displacement under 
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half-tide conditions as found from the L.C.C. data. The temperatures (to the nearest °C) are shown 
at 5-mile intervals in Table 54 (p. 118). The simplification introduced by using the temperature 
at the end of the displacement, instead of integrating over the displacement, results in no 
appreciable error. 


Similarly, for the increase in oxygen deficiency due to oxidation of ‘fast’ organic carbon, 
FP, =k, Fy = f/z, and w = 1, so that 


v = b(1—e-* e172, (250) 


where the value of k (like that for « in Equation 249) relates to the end of the displacement. When 
the displacement is less than 2 miles, z also relates to the end of the displacement, but for displace- 
ments of more than 2 miles the effects of changes in depth are more important than are those of 
changes in temperature, and 7/z in Equation 250 is replaced by the sum of the ratios of the times 
of the displacement through each section to the depth at the end of the section; the arrangement 
of these sections (or segments) was shown in Table 154 (p. 416). 

The matrix w, which takes account of the increase in oxygen deficiency due to nitrification, 
is the same as v, but with « in place of k in Equation 250. 

When the calculations were made for the third quarter of 1950, a simpler form of Equation 191 
was used. In effect, the terms equivalent to 1—e-*x™ in Equations 249 and 250 were replaced 
by fxr. In the final section of the chapter, where the discrepancies between all the observed and 
calculated distributions are examined, and modifications are made to the methods of calculation 
to reduce these discrepancies, the more precise equation is used (p. 503). 

The coefficients for the various displacement matrices relating to the calculations of conditions 


in the third quarter of 1950 are shown in Table 174 (p. 464). 


Preparation of data for computer 


Each element of each matrix was punched on a separate card for feeding into the computer; 
the co-ordinate number (from Column 6 or 8 of Table 174, depending on whether the element 
was b, or b,) defining the point of application, and that defining the position at the end of the 
displacement (Column 2), were punched on the same card. The accuracy of the punching was 
checked by the computer which was supplied for this purpose with the column, row, and grand 
totals of the elements of the matrix. 


Rebs OF ENTRY OF RELEVANT SUBSTANCES 


To evaluate the input vectors Gp, Go, Jp, Jy, Jr of Equations 228-232 (p. 425) it is necessary 
first to estimate the average rates of discharge to the estuary, of ‘fast’ and ‘slow’ organic carbon 
and nitrogen, of ammoniacal and nitric nitrogen, and of oxygen deficiency, during the third 
quarter of 1950. 

The methods of arriving at the polluting loads in terms of the carbonaceous and nitrogenous 
ultimate oxygen demands (U, and Uy respectively), and of the effective oxygen demands 
(Z, and Ex) which are thought to be most relevant to the calculations, were considered at length 
in Chapter 9. The subdivision of Ey into ammoniacal and organic nitrogen components, and of 
both #,, and the organic nitrogen into components oxidized or hydrolysed at two different rates 
(the ‘fast’ and the ‘slow’), were discussed in the same chapter, and selected figures were given in 
Tables 80-81 and 83-88 (pp. 230-245). Most of these tables relate to average conditions during 
1950-53 whereas what is required for the present calculations is the detailed information for the 
third quarter of 1950. 


Organic carbon 


B.O.D. figures, based on hourly sampling, were available for the discharges from Northern 
Outfall, Southern Outfall, and Mogden Sewage Works—particulars of the sampling programme 
and methods of flow measurement at these works were given in Chapter 4. Less complete 
information was available for the effluents from Dagenham and West Kent Sewage Works 
(pp. 79-80), but the loads used in the calculations are for the particular quarter. The relations 
between the loads in terms of B.O.D. and those in terms of U, and E, were discussed in Chapter 9, 
and the average figures given there for these five sewage works are only slightly altered when 
changing to the loads for the third quarter of 1950. For the remaining sewage works the loads 
used are those given in Table 84 (p. 236). 

The loads for storm sewage discharged from the L.C.C. system have been taken from the 
B.O.D. loads given in Table 46 (p. 88), adjusted to terms of U, and Eg by ratios between these 
factors obtained from Table 85 (p. 237), and adjusted to terms of the estimated total discharge 
during the particular quarter by multiplying by 11-1 m.g.d. (from Table 43, P 83) and dividing 
by the average rate of discharge from all pumping stations (‘Table 46). 
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The loads from industrial sources were assumed to be those given in Table 86 (p. 238), except 
for the factory 116 for which it was assumed that the load discharged varied in proportion to the 
known rate of consumption of molasses. 

For the Upper Thames, Brent, Beverley Brook, Wandle, and Lee the average figures given 
in Table 87 (p. 242) have been adjusted in proportion to the estimated B.O.D. for the particular 
quarter, using the data available on flow and B.O.D. The loads for the remaining fresh-water 
discharges have been adjusted in proportion to the observed or estimated flow. 

The other sources referred to on pp. 242-243 have been neglected. The allowance to be made 
for the effects of deposition and dredging, and for the excess of the carbonaceous U.O.D. (Ug) 
over the effective part (Z,) has already been discussed (pp. 457-459); the figures used in the present 
case are derived from Table 132 (p. 328) and from the differences between the Ug, loads and 
the E, loads for all the sources of pollution discussed above. 

Each E, load is then divided into two components, corresponding to the two rates of oxidation 
assumed for organic carbon. All the carbon in the sewage effluents and storm sewage discharged 
to the estuary in 1950 is assumed to be oxidized at the ‘fast’ (or standard) rate, except for the 
effluents from Mogden (p. 234) and Acton for which 50 per cent and 70 per cent respectively 
of the carbon is taken to be oxidized at the ‘slow’ (or one-fifth of the standard) rate. 

Proportions from 31 to 72 per cent at the slow rate were assumed for the effluents from paper 
and board mills as a result of the experiments reported on p. 239. For the remaining industrial 
sources it was assumed that there was no ‘slow’ component. 

Long-term experiments indicated that only a seventh of the carbon in the water entering from 
the Upper Thames could be considered to be oxidized at the fast rate (Equation 52, p. 241). 
For the Wandle the carbon was considered to be equally divided into fast and slow components 
(p. 241), and for the other fresh-water discharges two-thirds of the organic carbon was assumed 
to be ‘slow’ (p. 241). 


Organic nitrogen 

As explained on p. 422, it is assumed that organic nitrogen in the estuary is hydrolysed to 
ammonia with the same rate-constants as for the oxidation of the associated organic carbon. The 
matrix equations for deriving the distribution of organic nitrogen are the same as those for organic 
carbon, the Gp and Gg of Equations 196-197 then referring to rates of addition of organic nitrogen. 
It may be noted that it has also been assumed that there is no synthesis of organic material within 
the estuary although large quantities of phytoplankton are found there; the difficulties in making 
any quantitative allowance for the effects of these organisms on dissolved oxygen in the estuary 
were discussed on pp. 343-345. 

The methods of assessing the effective oxygen equivalent of the organic nitrogen discharged to 
the estuary were discussed in detail in Chapter 9. In particular, it may be mentioned that the 
largest loads (those from Northern and Southern Outfalls) were derived mainly from the results of 
routine determinations of organic nitrogen in the settled sewage discharged from these works 
and that, for the effluent from most of the remaining sewage works and the storm overflows, use was 
made of Equation 51 (p. 235). Average values for the estimated loads were shown in ‘Tables 80-81 
and 83-87 (pp. 230-242); the values for the particular quarter being considered were derived in 
exactly the same way as explained earlier for the loads of organic carbon. 


Ammoniacal nitrogen 


The rates of entry of ammoniacal nitrogen were discussed in Chapter 9; the figures appropriate to 
the third quarter of 1950 have also been obtained in the same manner as those for the organic carbon. 


Nitric nitrogen 


It is believed that no significant loads of nitrate were discharged to the estuary during the 
third quarter of 1950 in any of the sewage or industrial effluents; the only sources taken into account 
are the fresh-water discharges (discussed on pp. 341-342) of which the Upper Thames is the 
most important. 


Oxygen deficiency 


The oxygen deficiency in the tributaries has been estimated from details given in Chapter 3. 
The value used for the Upper Thames was discussed on p. 466. 

Each discharge of sewage or sewage effluent has been assumed to be anaerobic, except that from 
Mogden which is assumed to have had an oxygen deficiency equal to 30 per cent of the solubility 
(see pp. 336-337). The loads of oxygen deficiency attributable to storm sewage and to direct 
industrial discharges have been neglected, except for discharges of sulphite (or of estuary water with 
the oxygen content lowered by the oxidation of sulphite) from the electricity-generating stations at 
Battersea and Bankside (see pp. 90-92 and 239-240). 
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INITIAL DISPERSION OF ADDED SUBSTANCES 


Having obtained the required estimates of the average rates of entry of polluting substances 

to the estuary—that is the polluting loads—their effect must be spread over the average tidal excursion 
as described on p. 415. Details of the method of doing this for a discharge of 10 tons/day (5-174 
tons/tide) from Northern Outfall—11-4 miles below London Bridge—are shown in Table 176. 
The average tidal excursion of 8-11 miles is found, in effect, from Fig.5 (p. 7) by drawing a 
horizontal line between the outer curves to intersect the middle curve at the point of discharge. The 
load is spread uniformly over the tidal excursion to give the rate shown by M/(a+5) in the table; 
this excursion covers three complete 2-mile segments (those for 8 to 14 miles below London Bridge), 
and extends 1-05 miles into the next segment upstream and 1-06 miles into that downstream. 
“These distances within each segment are shown in the table; in the terminology of p. 415 
a+b = 8-11 miles, « = 1-05 miles, w = 2 miles, and B = 1-06 miles. Multiplying the distances 
by M/(a+b) gives the rate of addition to each segment in tons/tide. The rate of increase in con- 
centration per tide is given by dividing the rate of addition to each segment by the weight of water 
within the segment, but since the concentration units (p.p.m.) are in terms of mass per unit volume 
(that is mg/l.) this weight is strictly the mass of water of unit specific gravity that would occupy 
the volume of the segment. Consequently it is convenient to work using millions of fluid tons, 
where a fluid ton (in analogy with fluid oz) is the volume occupied by a ton of water of unit specific 
gravity. ‘che volume of the segment has been obtained, in effect, from Fig. 5 with the necessary 
conversion of units. It may be noted that the rates found for the first and last segments listed apply 
throughout the whole 2 miles of each of these segments; the theory of quantized mixing takes no 
account of the distribution of a substance within a segment. 


Table 176. Details of calculation of average increases in concentration within 2-mile 
segments of estuary by dispersion, over average tidal excursion, of 10 tons/day 
of soluble material discharged from Northern Outfall 


Position of discharge, 11-4 miles below London Bridge 

Upstream limit of tidal excursion, 6:95 miles below London Bridge 
Downstream limit of tidal excursion, 15-06 miles below London Bridge 
Total tidal excursion, 15-06 — 6-95 = 8-11 miles = a+b 








Rate of entry, M = 5-174 tons/tide 
M/|(a+b) = 0-6380 ton/mile tide 








Co-ordinate of segment boundary | 13 | 14 | 15 | 16 | i / | 18 
| 
| 
Length of excursion within segment (miles) 1-05 7 2 2 1-06 
Length x M/(a+6) (tons/tide) 0-670 1-276 1-276 1-276 0-676 
Volume of segment (mil fluid tons) 9-91 12°75 14:60 16:14 18-06 
Rise in concentration (p.p.m. /tide) 0-0676 0-10 


01 0:0874 | 0-0790 0-0374 





A table similar to Table 176 has been drawn up for every individual discharge to the estuary 
that has been taken into account in the present work. For any particular load, the final row of figures 
in each table is multiplied by the ratio of the load to 10 tons/day; the results given in these tables 
are applicable to any added soluble substance and are assumed to be independent of the fresh-water 
flow. 

In Table 177 is shown the calculated rise, per tidal cycle, in the concentration of ‘fast’ organic 
carbon (expressed in terms of its oxygen equivalent) in each segment of the estuary, due to each 
individual discharge in the third quarter of 1950—except that the storm-sewage discharges have been 
taken together rather than separated into the 23 components shown in Table 46 (p. 88). In practice 
the data were worked out to one more place of decimals than shown in Table 177; thus where a 
row of zeroentries occurs (as for Stanford-le- Hope Sewage Works) entries of at least 0-0001 p.p.m. /tide 
per 2-mile reach occurred in the original table, but discharges giving smaller rises in concentration 
were neglected. 

The entries for deposition are negative since they make allowance for the loss of ‘fast’ organic 
carbon from the system due to deposition and subsequent dredging, and also for the discrepancies 
between U, and E, (see pp. 457-459). Some of the column totals are also negative; this implies that 
in these reaches more material is lost by deposition than enters in local discharges. 

Tables similar to Table 177 were drawn up for each of the ‘substances’ considered. The details 
of these tables follow directly from the loads and the appropriate tables of which Table 176 is an 
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example. Thus for ‘slow’ organic carbon there are no entries for discharges (such as the effluent 
from Northern Outfall Sewage Works) which, under conditions existing in 1950, are assumed to 
have been oxidized entirely at the standard rate; the terms for organic nitrogen are generally much 
smaller than those for carbon; the entries for nitrate in the third quarter of 1950 are limited to the 
Upper Thames and the tributaries; and the ammonia, nitrate, and oxygen deficiency tables have no 
entries for deposition. 


INPUT VECTORS 


Organic carbon and nitrogen 


The column totals in Table 177 are thus the numerical form of the function I(x, t) for ‘fast’ 
carbon (p. 415). To derive the corresponding input vectors, allowance must be made for destruction 
of the added substance during the period of displacement (pp. 415-416); in this case, the ‘added 
substance’ being carbon, the process of ‘destruction’ is oxidation. The law of oxidation may be 
considered to be given by Equation 166 (p. 414) with k’ replaced by kR—the rate-constant of car- 
bonaceous oxidation; although k depends on temperature (Equation 23, p. 214), and so varies with 
position in the estuary, the changes in the temperature within the displacement are neglected. 
Thus F in Equation 170 (p. 416) may be replaced by &, and as k is assumed to be independent 
of t within the limits of integration, this equation reduces to 


Cry = DAP le) Fe eee (251) 
i=0 


where #; = 4(t;+2,;,,). Equation 171 reduces to 
Gp, = Tle . (252) 


The latter equation applies where o<w, that is when the displacement is not more than 2 miles; 


this is the case in the present calculations for almost every position (see Column 3 of Table 174, 
p. 464). 

When w<o<2w, as at Co-ordinates 3 and 4 in Table 174, n is equal to unity and Equations 
170 and 251 become 


aga’ 


Crp = Toye PHD + Tp, (thee, (253) 


since 7, ='0, and i,.— 7. 

The displacement ending at Co-ordinate 2 starts upstream of Co-ordinate 1 which, in these 
calculations, is taken as being the beginning of the estuary. Jp in Equation 253 would then represent 
discharges entering upstream of this point. The observed or estimated concentration at Teddington 
Weir represents the residue of all discharges to the upper river. (It would have been more satisfactory 
to have taken the 2-mile segments between odd miles with respect to London Bridge and then to 


have made Co-ordinate 1 a short distance above ‘Teddington Weir instead of nearly a mile below it; 


alternatively the segment could have been started at the weir, but the error introduced in the method 
used is very slight.) | | 
As an example of the application of Equation 251, consider the magnitude of Gp, (the input 


vector for Co-ordinate 4). Equation 253 applies for the displacement ending at this co-ordinate. 
Ip,,, 18 the rate of rise in concentration in the section ending at Co-ordinate 4—that is Jp,—and 


Ip, becomes Ip,; thus, from the column totals in Table 177, Ip, = 2-386 and Ip. = 3-141 


p-p.m./tide. The average temperature at Co-ordinate 4 (12 miles above London Bridge at half-tide) 
was 19-4°C; hence from Equation 23 (p. 214), k = 0-226 day— or, since one tidal cycle is taken 
as the unit of time, 0-117 tide-!. The remaining term in Equation 253 is ¢,, the time taken for the 
water to pass from the beginning of the displacement to Co-ordinate 3 (14 miles above London 
Bridge). The time through each segment was derived in obtaining the displacements; the time 
through the segment from 14 to 12 miles above London Bridge was found to be 0-89 tide so that 
tae value of ¢, is 1—0-89, or 0-11, tide. Substituting these several values for the symbols in 
Equation 253 then leads to a figure of 2-89 p.p.m. 

The complete vector Gp consisting of all the terms from G p, to Gres was punched on cards. 
The procedure adopted was to represent the value at each co-ordinate position by six digits—two 
before the implied decimal point—and to punch the values for five successive co-ordinate positions 
on the same card. The accuracy of the punching was proved by the computer which was supplied 
with the arithmetic sum of the complete vector for this purpose. 

The vector, Gg, for ‘slow’ carbon, and the corresponding vectors, Gp, Gy, for ‘fast’ and ‘slow’ 
organic nitrogen are derived in exactly the same way as Gp, but with the substitution of the 
appropriate values of the function J and with the substitution of k/5 for k when considering the 


‘slow’ components. ‘These,vectors, together with those for ammonia, nitrate, and oxygen deficiency 
are shown in Table 178, 


- 
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Table 178. Input vectors (p.p.m.) used in calculations for third quarter of 1950 


















































Position at end of | 
displacement 
Miles Gp Ge Gpr Ger JR JS JE 
below Co-ordinate 
London number 
Bridge 
—18 1 1-208 7-246 0: 244 1:°477 5-438 122: 0-050 
—16 2 0-191 0-204 0-075 0-073 1-651 0-016 0-213 
—14 3 1-860 1-612 0-784 0-686 14:658 0-219 0-825 
—12 4 2-891 3-291 0-951 0-926 13-995 0-239 0-987 
—10 5 1:418 1-675 0-310 0-258 1-003 0:321 0-426 
—8 6 1 ay/Ps 1-221 0-260 0-188 0-925 0-247 0-521 
—6 7 0-832 0-934 0-136 0-144 0-651 0-189 0-581 
—4 8 0-408 0-212 0-070 0-033 0-484 0-148 0-520 
—2 9 0-203 0-022 0-030 0-004 0-323 0-091 0-422 
0 10 —0:115 —0-037 —0-015 —0-005 0:186 0-001 0-236 
p2 i! —0-233 —0-027 —0-036 —0-003 0-194 0-016 0:177 
4 12 —0-272 —0-024 —0-028 —0-001 0-301 0-066 0-153 
6 £3 —0-216 —0-019 —0-026 0-000 0-311 0-056 0-119 
8 14 1-566 —0-039 0-308 —0-002 1-381 0-047 0-265 
10 15 2-880 0-071 0-532 0-006 2:044 0-035 0-374 
12 16 3-370 0-228 0-589 0-021 2: 206 0-022 0-406 
14 17 3-061 0-207 0-532 0-019 1-992 0-016 0-368 
16 18 2-084 0-226 0-345 0-020 1-269 0-016 0:274 
18 19 0-836 0-150 0-123 0-013 0-493 0-011 0-125 
20 20 0+211 0-030 0-033 0-001 0-140 0-004 0-060 
22 21 0-156 0-040 0-018 0-000 0-093 0-003 0-049 
24 22 0-029 0-028 —0-005 —0-002 0-074 0-000 0-035 
26 23 —0-128 0-010 —0-029 —0-003 0-054 0-000 0-026 
28 24 —0-102 0-005 —0-023 —0-003 0-038 0-000 0-022 
30 25 —0-:057 0-003 —0-001 0-000 0-028 0-000 0-019 
32 26 —0-009 —Q-002 —0-001 0-000 0-017 0-000 0-017 
34 27 0-023 0-004 0-004 0-001 0-011 0-000 0-016 
36 28 0-018 0-003 0-003 0-000 0-008 0-000 0-012 
38 29 0-002 0-000 0-000 0-000 0-006 0-000 0-008 
40 30 0-001 0-006 0-000 0-000 0-005 0-000 0-005 
42 31 0-021 0-000 0-003 0-000 0-008 0-000 0-005 
44 32 0-021 0-000 0-003 0-000 0-008 0-000 0-004 
46 33 0-017 0-000 0-002 0-000 0-006 0-000 0-003 
48 34 0-010 0-000 0-002 0-000 0-004 0-000 0-002 
50 ao 0-000 0-000 0-000 0-000 0-001 0-000 0-001 
Ammonia 


The input vector, J, for ammonia is the sum of the vectors for the ammonia entering from 
land sources (Gp) and that formed in the estuary by the hydrolysis of organic nitrogen. The deter- 
mination of the former follows from that given above for ‘fast’ carbon but (as in the corresponding 
displacement matrices) with the replacement of k by « and of the subscript p by p. 

The equilibrium distributions of ‘fast’ and ‘slow’ organic nitrogen are found from Equations 196 
and 197 as explained on p. 422. The contributions to the total ammonia input vector made by the 
hydrolysis of these substances (with rate-constants of k and k/5 respectively) are given by I’; x in 
Equation 192 (p. 420). For ‘fast’ organic nitrogen the expanded forms of myx and yyx are given 
by Equations 191 and 192, and by making the substitutions X = P’, Fy =k, Y = R, andw = 1. 
The oxidation, within the time of 1 tidal cycle, of the ammonia formed from organic nitrogen 
entering during the same tidal cycle may be neglected, so Fy may be put equal to zero; Fence 


Mpp = b(1 nae ett) ) (254) 
and 
Yrel = & Ip, (tea os ete > (255) 
i=0 


When the displacement does not exceed 2 miles, Equation 255 reduces to 
Yrpt = Ip,7(1—e-*?). (256) 


The corresponding terms for the contribution to the ammonia distribution from the ‘slow’ 
organic nitrogen added during the displacement are | 
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MpRQ’ = b(1 Fe Cre) ’ (257) 
and 


Yrol = Jgit(l-e"™). (258) 
The total ammonia input vector is thus 
Jr = Grp+ MppP'+ mpg’ + yrp + Yrq: (259) 


Nitrate 


The total input vector (J) for nitrate is the sum of the vector (Gg) for the direct entry of nitrate 
and the vector (ygp) for its formation within the estuary by oxidation of ammonia. Gg is obtained in 
the same way as Gp (Equation 251, p. 472), but with no term involving the decay of the substance 
formed, so that 


Gyn = DL Is, (ter b)- (260) 
i=0 
The vector yg,—from Equations 191 and 192 (p. 420) with Fy equal to x, w to 2, and Fy to zero—is 
given by 
YSRao 3D Tp, Ata — EL Sen! ay (261) 
i=0 


When the displacement is less than 2 miles, m = 7 = 0 and the equation for J, reduces to 


Js = Ggtyer = ts + §Ip(l—e*)}. (262) — 


Oxygen deficiency 
As explained on p. 423, the total oxygen-deficiency input vector is given by 


Jn = Grp t+ MpQQ 4+ yop + Yre + Yrr> (263) 


where mpQgQ+yrzg is [pg and includes the displacement matrix for ‘slow’ organic carbon. The 
value of Gp is obtained from Equation 170 (p. 416) with F equal to f/z since the oxygen deficiency 
is destroyed by reaeration*; hence 


Gr, = Latent aoe eG (264). 
i=0 } 


The term myg, from Equations 191 and 192 (p. 420) is given by 
Mrg = b(1—e¥7!5)eFi22 | (265) 


This matrix was multiplied by the calculated distribution (Q) for ‘slow’ carbon found in the first 
stage of the computer calculations described in the next section. The multiplication was carried 
out on desk-operated machines. 

The three y terms of Equation 263 are derived in the same way as the corresponding terms 
discussed earlier, and are given by 


aie zl pt(1—e-*7?), (266) 

Yrq = Ig7(i — e—krl iD) A (267) . 
and 

Vir = Let —e*"). (268) 


CALCULATED DISTRIBUTIONS OF ORGANIC (CAREW 
AND ORGANIC NITROGEN 


All the terms required for solution of Equations 196 and 197 (p. 422) to obtain the equilibrium’ 
distributions of ‘fast’ and ‘slow’ organic carbon, P and Q respectively, have now been evaluated 
for the third quarter of 1950. The results for both ‘fast’ and ‘slow’ carbon are plotted in Fig. 255(a). 
‘The two peaks in the curve for ‘fast’ carbon are mainly attributable to the discharges from Mogden 
and from the L.C.C. sewage works, and the single peak for ‘slow’ carbon to the discharges from 
Mogden and Acton—there is considered to have been no contribution of ‘slow’ carbon from the ~ 
L.C.C. works in 1950. Corresponding results for organic nitrogen are shown in Fig. 255(b). 

The vertical scale of each diagram in Fig. 255 is in terms of the oxygen equivalent of the substance 
considered. The solid lines show the total calculated oxygen equivalents of these constituents 
throughout the estuary. Dividing the oxygen equivalent of the organic carbon (P+Q) by 2-67, 
and that of organic nitrogen (P’+0’) by 4-57 gives, approximately, the calculated distributions 


* When t is expressed in tides and 2 in ft, f must be expressed in ft/tide. 
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of these two substances in the estuary—the approximation arises from the fact that these curves 
are based on the effective oxygen demand due to organic carbon and organic nitrogen rather than 
on the ultimate oxygen demand to which the two numerical factors apply. It is not possible to com- 
pare these distributions with observed data since no figures are available for the organic-carbon or 
organic-nitrogen content of the water of the estuary. 


N 
i=) 














S 








NITROGEN (p.p.m.) 

















OXYGEN EQUIVALENT OF ORGANIC 
CARBON (p.p.m) 








OXYGEN EQUIVALENT OF ORGANIC 


. . <>] ; 0 
20 ney aes 20 40 20 Seales’ 20 40 


Above Below Above Below 
MILES FROM LONDON BRIDGE AT HALF - TIDE 


Fic. 255. Calculated average distributions of oxygen-equivalent of (a) organic carbon and (b) organic nitrogen 
in third quarter of 1950 


Broken curves, components considered to be oxidized or hydrolysed at ‘fast’ (standard) rate 
Dotted curves, components considered to be oxidized or hydrolysed at ‘slow’ rate 
Continuous curves, totals 


METHOD OF CALCULATING DISTRIBUTIONS OF DISSOLVED OXYGEN 
AND OF AMMONIACAL AND OXIDIZED NITROGEN 


In Chapter 15, methods were developed for the calculation of equilibrium distributions of 
ammoniacal nitrogen, oxidized nitrogen, and oxygen deficiency. Provided that the calculated 
oxygen deficiency does not exceed 0-95 times the solubility—that is, the oxygen content does not 
fall below 5 per cent saturation—these distributions are given by Equations 199, 201, and 203 
(pp. 422-423). 

When the calculated oxygen content falls below 5 per cent, however, allowance must be made 
for restriction of nitrification; this is done by inclusion of a term U which modifies these equations 
to give Equations 211-213 (p. 423). This term consists of a series of concentrations representing 
the over-assessment of the amount of ammonia lost by nitrification in the water which reaches 
each 2-mile point at the end of the displacement co. It is convenient to refer to U as a single entity, 
but it must be remembered that it consists of a series of discrete values which must be zero at 
points where the calculated oxygen content exceeds 5 per cent saturation. The distribution U is 
not directly calculable (but see p. 480); it is initially guessed, and from examination of the 
distribution of oxygen deficiency calculated from Equation 213 it can then immediately be seen 
whether the chosen values of U accord with the restrictions placed on them by Equations 214-216 
(p. 424). (The initial guess may be reasonably accurate if observed data for the distributions of 
ammonia and dissolved oxygen can be used.) 

If it is apparent that, even with the maximum permitted values of U, the calculated oxygen 
content will be less than 5 per cent saturation, it is necessary to allow for denitrification. This is 
done by introducing a term V to Equations 212 and 213 to give Equations 219 and 220 (p. 424). 

If the inclusion of the term V is insufficient to give positive values for the calculated oxygen 
concentrations throughout the estuary, reduction of sulphate is allowed for, and a final term W is 
introduced to Equation 220 to give Equation 225 (p. 425). 

No precise rules can be laid down for estimating U, V, and W, but the methods adopted for a 
particular calculation are outlined in the paragraphs which follow. 


Initial allowance for restricted nitrification 


In the calculations for the third quarter of 1950 it was apparent that allowance would have to ke 
made not only for restricted nitrification, but also for reduction of nitrate and sulphate. The term U, 
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which allows for restricted nitrification, was introduced at the start after examining the observed 
distributions of ammonia and of oxygen deficiency, so that the first calculations of the distributions 
of ammonia (R), oxidized nitrogen (S), and oxygen deficiency (7) were made by means of Equations 
211-213 (p.423). This use of the observed data is permissible since the distribution assumed 
initially for U does not affect the final solution but it does affect the number of times the calculations 
are passed through the computer. If the observed data had not been available, it would have been 
necessary to use the set of equations not involving U. 

The observed distribution of ammoniacal nitrogen (as determined by the L.C. C) i is shown by 
the continuous curve in Fig. 256(a). By comparison of the observed curves with those calculated 
for the four quarters used in Fig. 251 (p. 458) it was found that the observed values were generally 
somewhat lower; after allowing for this the expected distribution of ammonia that would finally be 
obtained from the calculations was that shown by the broken line in the same diagram. It is seen that 
Fig. 256(a) refers only to that part of the estuary lying between 4 miles above and 30 miles below 
London Bridge at half-tide; it was this part of the estuary which the L.C.C. data showed to contain, 
on average, less than 5 per cent dissolved oxygen throughout that particular quarter, and it is there- 
fore in these reaches that it was initially assumed that nitrification was restricted. The individual 
values, U, in the terminology on p. 424, allowing for restricted nitrification were obtained in this 
instance by making them approximately equal to $(uR),, that is by taking the guessed ammonia 
concentrations from Fig. 256(a), multiplying by 4-57 to convert to oxygen equivalent, and multi- 
plying by the rate constant « for oxidation of ammonia and by the time 7. The resulting values are 
shown in Fig. 256(b) and also in Table 179. In this section of the chapter the use of subscript 
numerals will indicate the successive values assumed or calculated for the different terms. In later 
calculations, experience showed that, in the vicinity of the boundaries of the reach containing less 
than 5 per cent dissolved oxygen, U, should be taken as very much less than its maximum permitted 
value; outside these reaches the value of U is, of course, zero. 





‘€ ath 

S10 " (b) 

z a 

O oe 

O Ss 

aq G 

i > 

Zs c 

a] ii hc 

OS a 

< io 

Z 29: 

g 

=n) . “9 
0 10 20 30 0 ie) 20 30 


MILES BELOW LONDON BRIDGE AT HALF —TIDE 


Fic. 256. Derivation of U (which allows for restricted nitrification) in calculations for third quarter of 1950 


(a) Continuous curve, observed distribution of ammoniacal nitrogen (L.C.C. data); broken curve, guessed distribution 
for use in initial stages of calculation 


(b) Initial distribution assumed for U. Beyond limiis shown by diagram, U is assumed to be zero 


Using Equations 211-213 the first calculated distributions of ammonia (R), nitrate (.S), and 
oxygen deficiency (7) were obtained, and these are shown by the Curves 1 in Figs. 257-259. It is 
evident from the last of these diagrams that the maximum calculated value of the oxygen deficiency 
was greatly in excess of the solubility shown by the line labelled T,, and the next stage in the calcu- _ 
lations was to amend the values chosen for U and to guess the distributions V and W which allow 
for reduction of nitrate and sulphate respectively. 


Allowance for restricted nitrification and for reduction processes 


From Curve 1 in Fig. 259 it is seen that the oxygen deficiency was considerably less than 0-957, 
from 22 to 30 miles below London Bridge in a reach of the estuary where it had been assumed that 
nitrification was restricted—or that the individual values of U were not zero. In the next stage of the 
calculations nitrification was considered to be restricted from 6 miles above to 22 miles below London 
Bridge instead of from 4 above to 30 below. In the middle of the zone of restricted nitrification U was 
maintained at the maximum value. The term V, which allows for denitrification, is subject to the 
limits given in Equationg 221-223 (p. 424) and the initial value was taken to be zero outside the 
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Table 179. Successive half-tide values (in p.p.m.) of U, V, and W (which allow for restricted nitrification, 
and for reduction of nitrate and sulphate respectively) used in calculations for third quarter of 1950 


All values of V, and W, are zero 





Miles 


bel 
Rondon U; Uz V; W, Us V; W; U4, V;, W, Us V; W; 


Bridge 












—8 0 0 0 0 
—6 0 0-20 0-20 0-15 0°15 
—4 1:46 1-24 0:89 1-04 1-04 
—2 £53 1-50 1-07 1:27 tbo PAF 

0 1°56 1:90 0 1:17 1-40 1:40 

2 1-76 2-08 0:07 1°62 1-51 1:60 

4 1:96 2-26 0:15 PHS be 0 1°96 0 1:96 0 

6 2°17 2°42 0:22 0 PISS Ye 0:22 2:11 0°25 0 2°11 0:27 0 
8 2°34 2°56 0°35 0°25 2:44 0:45 0 2:24 0:54 0:12 2:24 0:58 0:04 
10 2°38 2:60 0:35 0:40 2-46 0:40 0:40 D2 0-39 0:51 pss: 0-42 0:45 
12 2°35 2°54 0:30 0:35 2-38 0:32 0:31 2:12 0:29 0:48 2:12 0:29 0-52 
14 2-24 2:44 0:30 0:20 2°18 0:35 0°18 1°94 0:36 0:46 1-94 0:36 0:46 
16 PAN. 2:28 0:27 0:05 1-98 0-30 0 1-75 0-32 0-28 1°75 0:32 0:28 
18 1-96 2-08 0-20 0 1-78 0:20 1°54 0-22 0:06 1°54 0:32 0 
20 1:77 1:60 0 1°55 0 1-34 0-18 0 1°34 0:23 

22 Tas 7 1-28 1-32 1-12 0:05 4 sc 0:05 

24 1-38 0 1-10 0:82 0 0-82 0 

26 1-20 0:68 0:30 0:30 

28 1°05 0 0 0 

30 0:89 

32 0 
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Fic. 257. Successive stages in calculating average distribution of ammoniacal nitrogen for third quarter of 1950 


range from 2 to 18 miles below London Bridge (that is a few miles inside each end of the region in 
which restricted nitrification was assumed). The maximum permitted value of V is that which makes 
the nitrate concentration equal to zero; this cannot be calculated directly in the same manner as the 
maximum value of U could be calculated, but from experience gained in the calculations of the first 
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Fic. 258. Successive stages in calculating average distribution of oxidized nitrogen 
for third quarter of 1950 
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Fic. 259. Suceessive stages in calculating average distribution of oxygen deficiency 
for third quarter of 1950 
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four sets of quarterly distributions that were examined, values of V and W were guessed—these are 
shown as V, and W, in ‘Table 179. W is subject to the laws of Equations 226 and 227 and was taken 
to be zero outside the region from 8 to 16 miles below London Bridge at half-tide (that is a few miles 
inside each limit of the region where denitrification was assumed). 

In the earliest calculations the sum of V and W was estimated roughly by equating it to the 
excess of the oxygen deficit produced per tide by oxidation, plus the increase in deficiency per tide 
due to addition of oxygen-depleted water to the estuary (that is Pkt + J) over the maximum 
reaeration per tide (7, f7/z); thus 


V + W ~ (Pk—T.f/2)t + Jp. (269) 


This equation takes no account of mixing, but gives values of V+ W in the middle of the region 
of denitrification which are generally well within 50 per cent of those finally obtained. No precise 
rules have been derived for partitioning the initial estimate of V+ W to give initial values of V 
and W separately, but the greater the length over which V + W is expected to exist, the greater will 
be the contribution due to W. 

At this stage it was thus assumed that: there was no restriction of nitrification and no reduction 
of nitrate or sulphate at points more than 6 miles above London Bridge; nitrification was restricted 
from 6 miles above to 2 miles below London Bridge; all available dissolved oxygen and nitrate 
had been utilized by 8 miles below; sulphate was reduced from 8 to 16 miles; nitrate was reduced 
from 16 to 18 miles below (this nitrate having been carried upstream by mixing); nitrification was 
restricted from 18 to 22 miles; and seaward of 22 miles there was no restriction of nitrification or 
reduction of nitrate or sulphate. 

Equations 230-232 (p. 425) may now be applied using the assumed values of U, V, and W. 
However, for convenience in estimating revised values of these three terms, the computer provided 
solutions first with V and W equal to zero, then with W equal to zero, and finally with U, V, and W all 
taking their assumed values. Consequently in Figs. 257-259 there is a single curve for ammonia, 
but there are two curves for nitrate, and three for oxygen deficiency for each stage of the calculation. 
The various curves obtained at this stage are shown by those labelled 2 in the diagrams. 

From Fig. 257 it is seen that the second calculated value of the ammonia content is less for 
points seaward of 11 miles below London Bridge than for the first calculation, and is greater in 
the 20 miles upstream of that point. The effect of introducing V to allow for denitrification is 
clearly seen in Fig. 258 where the nitrate curve has fallen almost to zero. The continuous Curve 2 
in Fig. 259 shows that the oxygen deficiency has levelled out well below the value shown by the 
curve for 0-957, (that is with the oxygen content well above 5 per cent saturation); this indicates 
that the restriction of nitrification was too severe at the upper end of the reaches of low oxygen 
content. At the seaward end of these reaches, T., was exceeded when U was zero, so that it was 
then concluded that the seaward limit of the region of restricted nitrification was somewhere 
between 22 and 30 miles below London Bridge; the position chosen thereafter was 26 miles below. 
It was next assumed that the calculated distribution of ammonia should be that shown by the dotted 
Curve 3 in Fig. 257, and the corresponding values of U were obtained from this curve; these values 
are denoted by U; in Table 179. Curve 2 in Fig. 258 shows that the nitrate had not become zero 
although sulphate was assumed to be reduced over a distance of 8 miles. Consequently the value 
of V required to be increased and that of W decreased. The fall in oxygen deficiency around London 
Bridge indicates that denitrification had been assumed to occur too far upstream. 

Using these revised values of the three terms the continuous Curves 3 in Figs. 257-259 were 
obtained. A further correction was required at the top end where TT, was exceeded and where 
V and W were zero; it was thus necessary to increase U. In the middle reaches where the oxygen 
deficiency was greater than 7’, it was concluded that the values of both V and W were slightly too 
small. The revised values shown by U,, Vy, and W, in Table 179 give rise to the calculated 
Curves 4 in the diagram, and it is seen from Fig. 259 that the remaining inconsistencies are small. 
The assumed and calculated Curves 4 in Fig. 257 are identical throughout the greater part of the 
region in which no nitrification is permitted (Assumption 4, p. 421), and U; = U, (Table 179) 
except for a small change made in the value for the position 2 miles below London Bridge. The 
final values, U;, V;, and W; lead to the final solutions shown by the calculated Curves 5. 

In drawing the final calculated curves the oxygen content at 2-mile intervals has been taken 
as zero, 5 per cent, or some higher value—no attempt is made to follow the fluctuations between 
0 and 5 per cent indicated in Fig. 259. The final values of U, V, and W all satisfy the equations 
by which they are restricted in Chapter 15, except that a small negative concentration of nitrate 
is shown in Fig. 258. It was concluded that the final solution was sufficiently correct and that further 
time spent on obtaining more accurate solutions would not have been justified. The observed and 
calculated curves are compared later in Fig. 260 (p. 481). 

The calculated curves for each of the quarters in 1950-1961 have been obtained by substantially 
the same procedure, but with modifications to the methods of arriving at revised values of U, 
V, and W as experience was gained. 
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MODIFICATION OF METHODS TO SUIT SIZE OF COMPUTER 


The methods of calculation already described were those used on the DEUCE computer at the 
National Physical Laboratory. Previously the calculations had been carried out on desk-operated 
calculating machines and the methods of solution of the equations were therefore somewhat different. 
If, on the other hand, a larger computer had been available, different modifications would have been 
made. The effect of the computer capacity on the methods of calculation will be discussed briefly. 


CALCULATION WITH DESK MACHINES 


In the calculations using desk machines the distribution of a particular substance was first 
estimated roughly, and then the changes occurring during the time 7 (in this case 2 tides) were 
calculated. This was done in two stages. First, longitudinal mixing was ignored and the distribution 
was found by taking account of addition of the substance from land sources, formation or destruction 
of it within the estuary, and displacement by the land-water flow during the time of 2 tides; the 
distribution after allowing for mixing was then obtained. If the final distribution were the same as 
that estimated initially, it would mean that this estimated distribution was the equilibrium one. In 
practice, however, the two distributions differed and the final solution was obtained by successive 
iterations. Some details of this procedure have already been published’. 

This method was found to be satisfactory for calculations giving oxygen distributions that 
nowhere fell below 5 per cent saturation, but when allowance had to be made for restricted nitri- 
fication and for reduction processes, it became very difficult to apply. The basic principles were 
similar in many respects to the iterative process already described in detail for the computations made 
using the DEUCE. The equilibrium distribution of organic carbon was first calculated; then, with 
an assumed length of the reach throughout which the oxidation of ammonia was restricted, a rough 
calculation was made of the ammonia distribution, and this was used in obtaining a preliminary 
estimate of the nominal oxygen deficit (defined on p. 511). 

From the results of this sequence of calculations, revised estimates of the length of the reach 
containing less than 5 per cent dissolved oxygen were made and the distributions of oxygen 
deficiency and ammonia recalculated. When necessary, a term allowing for denitrification was 
introduced into the equation giving the oxygen deficiency. The cycle of calculations was repeated 
until the conditions relating to restricted nitrification and denitrification were satisfied. Once 
approximate solutions had been obtained, the distribution of nitrate was also calculated during each 
cycle of calculations. Since the distribution of each substance, and the corrections for restricted 
nitrification and denitrification, had to be obtained by iterative processes the computations were very 
involved, and a single case might take several months to solve. 


CALCULATION WITH A LARGER COMPUTER 


Had a computer with a larger storage capacity than the DEUCE been used, the chief alteration 
in the method would have been to reduce the distance (w) between the chosen points to less than 
2 miles. It is thought that in some of the calculations appreciable errors were introduced by using 
intervals as great as 2 miles; it would have been preferable to have used an interval of 1 mile or 
possibly $ mile—particularly in the upper reaches of the estuary. 

In the calculations using the DEUCE, the values of U, V, and W were found by an iterative ~ 
process. After each calculation by the computer, the results were returned to the Laboratory, where 
new, and more accurate, estimates of these terms were made. This procedure was the chief source — 
of delay in arriving at final solutions. A computer with a larger storage capacity could be programmed 
to make the new estimates of U, V, and W, and to continue the calculation without printing out 
each stage. The final solution would thus be obtained by one operation of the computer. Nevertheless, 
care would have to be taken in programming to avoid an oscillation being set up—if the computer 
changed one variable by too large an amount, and then compensated by changing another, it is 
possible that no final solution would be obtained. 


COMPARISON OF OBSERVED AND CALCULATED 
CONDITIONS IN 1950-1961 


The methods described on pp. 463-479 for calculating the distributions of dissolved oxygen and — 
ammoniacal and oxidized nitrogen in the third quarter of 1950, were used for the other 47 three- 
monthly periods in 1950-1961. The factors considered to change from quarter to quarter were the 
polluting loads from the larger sewage works and fresh-water discharges, the loads from the distillery 
116 and from storm sewage, the distribution of temperature, and the fresh-water flow. ‘ 

The complete set of 48 calculated distributions of dissolved oxygen and of ammoniacal and | 
oxidized nitrogen are shown by the continuous curves in Figs. 260-263. 
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Fic. 260. Observed and calculated quarterly distributions of dissolved oxygen, O, (per cent saturation), 
ammoniacal nitrogen, Namm (p.p.m.), and oxidized nitrogen, Noxa (p.p.m.), in 1950-52 


Plotted points, averaged L.C.C. data 
Continuous curves, calculated distributions 
Broken curves, calculated with allowance for variation in flow within quarter 
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Fic. 261i. Observed and calculated quarterly distributions of dissolved oxygen, O, (per cent saturation), 
ammoniacal nitrogen, Namm (p.p.m.), and oxidized nitrogen, Noxa (p.p.m.), in 1953-55 


Plotted points, averaged L.C.C. data 
Dotted curves, averaged W.P.R.L. data 
Continuous curves, calculated distributions 
Broken curves, calculated with allowance for variation in flow within quarter 
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Fic. 262. Observed and calculated quarterly distributions of dissolved oxygen, O, (per cent saturation), 
ammoniacal nitrogen, Namm (p.p.m.), and oxidized nitrogen, Noxa (p.p.m.), in 1956-58 
Plotted points, averaged L.C.C. data 
Continuous curves, calculated distributions 
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Fic. 263. Observed and calculated quarterly distributions of dissolved oxygen, O, (per cent saturation), © 
ammoniacal nitrogen, Namm (p.p.m.), and oxidized nitrogen, Noxa (p.p.m.), in 1959-1961 


Plotted points, averaged L.C.C. data 
Continuous curves, calculated distributions 
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The overall impression given by comparing the calculated distributions in Figs. 260-263 with 
the observed distributions—as obtained from the results of the London County Council’s surveys 
and shown by the plotted points—is that, despite a combination of random and systematic errors, 
the methods of calculation have proved reasonably successful: the general shapes of the calculated 
curves are similar to the distributions of observed data, the various maxima and minima occur in 
the same part of the estuary for both observed and calculated results, and the variations between 
quarters are followed with a fair degree of accuracy. 

The measure of success of the method may be demonstrated by reference to the results (in 
Fig. 260) for the first and third quarters of 1951; the average flow at Teddington was roughly 
4300 m.g.d. in the first quarter and 600 m.g.d. in the third. The whole shape of the distributions of 
the observed data is totally different for the two quarters for each of the three constituents examined, 
and the calculated curves follow these changes fairly accurately. 

Three factors which have some bearing on the closeness of fit will be discussed before considering 
the residual discrepancies between the observed and calculated distributions. 


ALLOWANCE FOR NON-EQUILIBRIUM CONDITIONS 


It is apparent from Figs. 260-263 that in the upper reaches of the estuary the calculated values 
of the dissolved oxygen (shown by the continuous curves) are often appreciably higher than those 
observed. This discrepancy is most marked in fourth quarters. 

In the graphical analysis of the L.C.C. data (Chapter 6) it was found that in these reaches 
the relation between quarterly averages of flow and dissolved oxygen was far from linear, a given 
increase in the flow at Teddington being accompanied by a progressively smaller increase in oxygen 
content as the initial flow was raised. An example of this non-linear relation may be seen in the upper 
part of Fig. 69(a) (p. 139) where the averages of dissolved oxygen in the first quarters of ten years 
in 1920-1934, 5 miles above London Bridge at half-tide, are plotted against the corresponding 
averages of the flow at Teddington. If such a relation is found when using quarterly averages of 
the flow, it is reasonable to suppose that the same considerations will apply within a quarter, and 
that the average oxygen content during a quarter in which there is a wide range of flows will be 
significantly lower than in one with the same average flow but a narrow range. Consequently any 
method of calculation which takes no account of the flow variations within a quarter cannot be 
expected to give the true average distribution of dissolved oxygen in a quarter when the flow was 
very variable. It may be seen from Fig. 10 (p. 12) that it is in fourth quarters that the largest variations 
in flow are usually encountered. 


Fourth quarter of 1954 


To determine the order of magnitude of the effect produced on the calculated distributions by 
flow variations within a period of 3 months, the distributions for the fourth quarter of 1954 were 
considered in greater detail; it can be seen from Fig. 261 that the accuracy of prediction of each of the 
three constituents was poor in this quarter—as was also the prediction of temperature (Fig. 245, 
p. 451). 

Daily values of the flow gauged at ‘Teddington are plotted in Fig. 264(a) for the whole quarter 
which has been divided into five periods, the first of 24 days and the others each of 17 days; for 
convenience of later comparison with Fig. 264(b) the time scale has been changed at the end of the 
first period so as to keep the plotted length of each period the same. Within each period the average 
flow was that given in brackets in the diagram. The distributions of dissolved oxygen, and of 
ammoniacal and oxidized nitrogen, in equilibrium with each of these flows, were calculated; 
the polluting loads from Northern Outfall, Southern Outfall, Mogden, Dagenham, and West Kent 
Sewage Works, the Upper Thames and River Wandle, and storm sewage were varied between the 
periods on the basis of available data, and the average water temperatures within each period were 
taken into account. These distributions are shown by the curves in Fig. 264(b), and the plotted 
points represent the individual values found by the L.C.C. during each period. ‘There are two 
features of particular interest in this diagram: all the observed distributions in the first and fourth 
periods are totally different in form, but the calculated distributions are in fair agreement with them; 
and there is a noticeable tendency for the changes in the observed data to lag behind the calculated 
changes—for instance in the third period all the observed distributions tend to lie between the 
calculated values for the second and third periods. 

In the section of Fig. 261 (p. 482) which refers to the fourth quarter of 1954, the plotted points 
show the averaged L.C.C. data and the continuous curves are those calculated from the average 
flow, loads, and temperatures for the quarter. The broken curves are the average distributions 
found from the calculated distributions of Fig. 264(b); in averaging, the first period has been 
given a statistical weight of 24/17 since this period covered 24 days compared with 17 in each of the 
other periods. It is seen that these calculated distributions, in which allowance has been made for 
the major variations in fresh-water flow, agree well with the observed data. 
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Fic. 264. Variations, in condition of estuary in fourth quarter of 1954, associated with changes in fresh-water 
flow 


(a) Daily flow at Teddington; average flow in each of five periods given in brackets 


(b) Observed (points) and calculated (curves) distributions of dissolved oxygen, and of ammoniacal and oxidized nitrogen 
for five periods defined in (a) 


Twenty-one other quarters in 1950-55 


From the beginning of 1950 until the new sedimentation plant at Northern Outfall was brought 
into operation in the middle of 1955, most of the more important polluting loads were approximately 
constant but those due to the fresh-water discharges varied fairly systematically with the flow at 
Teddington. Using all the calculated distributions that had been obtained for this period, four sets 
of curves—one for each quarter of the year—were drawn to relate the concentration of each of the 
three constituents examined to the flow at Teddington, in much the same way as in producing 
Fig. 65 (p. 127). The individual curves in a set referred to points at 2-mile intervals from 16 miles 
above to 20 miles below London Bridge at half-tide, and at intervals of 4 or 5 miles from 20 to 
50 miles below. 

The average flow in each week throughout every quarter in the 54-year period (excluding the 
fourth quarter of 1954) was then obtained from the daily flow records of the Thames Conservancy, 
and the corresponding distribution derived from this and the appropriate set of curves. Where the 
flow was outside the range of the averages for the relevant quarter the data were extended by use. 
of results for other quarters. By averaging the 13 sets of data thus obtained for each constituent 
in each quarter, revised distributions were calculated for all these quarters. The results are shown 
by the broken curves in Figs. 260 and 261. Although this method is rough in that it does not take 
account of weekly variations in temperature, of the detailed variations in polluting loads, or of the 
apparent time lag between the calculated and observed distributions, the closeness of fit of the 
observed and calculated data shows the importance of variations of flow within any three-monthly 
period. 

The adjustments for non-equilibrium conditions in the upper reaches were so large that it was 
considered unprofitable to speculate on the causes of the errors remaining between the observed 
and calculated curves. In making these adjustments it was assumed, in effect, that equilibrium 
existed throughout each of the 13 weeks in the quarter, the equilibrium changing discontinuously 
from one week to the néxt to an extent depending on the change in the average weekly flow at 
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Teddington. ‘The same quarterly average distributions would be calculated regardless of the order 
in which the 13 weekly values occurred, whereas Fig. 264 suggests (as is to be expected) that the 
observed changes in condition tend to lag behind the predicted changes; consequently, if the flow in 
the last week of the quarter were very much greater than in the first, the average observed conditions 
might well be worse than if the flow were falling throughout the quarter, but the calculated 
distributions would be identical. Thus, it is not considered that the adjustments made for non- 
equilibrium conditions are complete; there must be some residual errors in the calculated curves 
due to this cause. It may be noted, however, that in the 22 quarters for which the adjustments 
were made, the average oxygen content upstream of London Bridge was over-predicted in some 
14 cases, but under-predicted in only 3. 


EFFECT OF SURPLUS SLUDGE DISCHARGED FROM 
MOGDEN SEWAGE WORKS 


Following the report of the discharge of surplus activated sludge from Mogden (p. 75) the 
agreement between the observed and calculated distributions of dissolved oxygen in the upper 
reaches was examined in more detail than before. Allowance was made for non-equilibrium 
conditions by the method previously described but using all the available data for 1950-61. 
Comparison was difficult because the corrections for variations in fresh-water flow were so large 
and because (as explained on p. 466) the oxygen deficit used as the landward boundary had 
been estimated from data for a position at which the discharge from Mogden has a considerable 
effect. The results were not conclusive; there was no evidence that the load from Mogden increased 
markedly at any particular time during the period for which the comparison was made, the oxygen 
content being over-predicted to a greater or lesser extent in every quarter. During this period the 
only quarters in which it is known that no surplus activated sludge could have been discharged 
to the estuary were the third quarters of 1957 and 1959, and only the latter quarter is within the 
period for which figures of the estimated discharge have been supplied. The agreement between 
the observed and predicted curves for this quarter is good—but no better than in the third quarter 
of 1961 when sludge is believed to have been discharged. In examining the effect of this discharge 
on the condition of the upper reaches, it has not been possible to take detailed account of 
fluctuations in the fresh-water flow and in the polluting load from the Upper Thames. Since the 
information supplied by the Chief Engineer of the Middlesex County Main Drainage Department 
about the discharge of sludge is necessarily subject to great uncertainty, the calculated distributions 
discussed in this chapter take no account of any sludge discharged. 


PENGTH OF ESTUARY WITH LITTLE OR NO DISSOLVED OXYGEN 


Despite the general agreement, shown in Figs. 260-263, between the observed and calculated 
distributions of dissolved oxygen—particularly when the latter are adjusted to allow for flow 
variations within the quarter—there is a marked disparity between the observed and calculated 
lengths of the anaerobic parts of the estuary. This difference is due largely to the approximate ~ 
nature of the assumptions concerning the relations between rates of oxidation and reduction and 
the oxygen content when this is low (see pp. 459-462). This discrepancy must not be glossed over 
since one of the principal objects of the present study has been to develop methods of predicting, 
with reasonable certainty, whether or not part of the estuary will become anaerobic under some 
conditions in the future. 

Before comparing the observed and predicted lengths of the estuary which are anaerobic under 
various conditions, it is as well to emphasize the importance of the method of averaging on the value 
obtained for the average length of estuary anaerobic during so long a period as 3 months. ‘This point 
which has already been discussed on pp. 154-156 (where it is illustrated by Fig. 82 and Table 61) 
will now be further elaborated. Two distinct methods are used with the observed data; it will be 
convenient to refer to them as Methods B, and D: 


Method B,—the average dissolved-oxygen distribution at half-tide is plotted, and the 
length of estuary containing no dissolved oxygen is found; 


Method D—the individual dissolved-oxygen data are plotted as in Fig. 82, the length of 
estuary containing no dissolved oxygen is found at intervals of 3 days throughout the quarter, 
and the 30 values thus obtained (including any values of zero) are averaged. 


In the first 8 weeks of the fourth quarter of 1952 the length of estuary devoid of dissolved oxygen 
was generally between 10 and 20 miles, and in the remaining 5 weeks only one sample taken by the 
L.C.C. was devoid of dissolved oxygen. The average length of the reaches anaerobic during the 
quarter, as determined by Method D, was 7-4 miles, but, since oxygen was present throughout the 
estuary at the end of the quarter, there was no reach anaerobic for the whole period and the quarterly 
oxygen sag curve nowhere falls to zero—so that Method B, gives no anaerobic reach. 
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The relation between the quarterly average anaerobic lengths obtained from the same data in 
these two ways, is shown in Fig. 265(a) where the results for 48 quarters are plotted, but with the 
omission of coincident points with the same symbol. It is clear that the length derived from the 
sag curve must always be less than that calculated from the data for individual days unless the length 
is the same on each day—a condition which, in practice, will occur only when the length is zero. The 
largest departure from the line of equality in the diagram is found in the point for the fourth quarter 
of 1959 when the average anaerobic length (found from the daily figures by Method D) was 18 miles, 
but by Method B, no part of the estuary was anaerobic throughout the quarter. 
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Fic. 265. Effect of method of averaging (defined in text) on length of anaerobic reach during 
three-monthly periods 


(a) L.C.C. data for 1950-1961; (6) calculated values for 1950 to mid-1955 


The same considerations apply to the anaerobic lengths obtained in the calculations. It has been 
shown that the accuracy of predicting the distribution of dissolved oxygen is improved by taking 
account of the week-to-week variations in the flow at Teddington while still assuming that the 
distribution is in equilibrium with the flow. The average length of the anaerobic reaches may be 
determined in three ways: 


Method A—from the predicted quarterly sag curves calculated without allowance for 
flow variations; 


Method B,—from the predicted quarterly sag curves after the week-to-week variations in the 
flow at Teddington have been taken into account (this is then the best prediction of the values 
given by Method B, for the observed data); 


Method C—by averaging the lengths of the reaches devoid of dissolved oxygen, as found 
from the 13 weekly predicted sag curves which allow for the weekly flow variations (this is then 
the nearest prediction of the values given by Method D for the observed data, but is inter- 
mediate between Methods B, and D). 


In Fig. 265(b) the average anaerobic length, determined by Method B, from the 22 predicted 
oxygen distributions that were adjusted for variations in flow within the quarter, are plotted against 
the corresponding values obtained by Method C. The relation shown here is generally similar to 
that found for the observed data in Fig. 265(a), but the points lie somewhat closer to the line of 
equality than in the case of the observed data; this is reasonable since the results obtained by 
Method D are affected by daily variations in the polluting load and in the exchange coefficient, as well 
as in flow, whereas those obtained by Method C take account only of weekly variations in flow. 

The crosses plotted in Fig. 266 show quarterly averages of the observed length of the anaerobic 
reach, as found from the individual L.C.C. data by Method D—that is by considering the average 
vertical extent of the hatched area in diagrams such as Fig. 82 (p. 155), including values of zero; the 
period covered is from the beginning of 1950 to the middle of 1955. The detached section at the right 
of Fig. 266 shows the averages for corresponding quarters during this period. The points within 
squares indicate the length of the anaerobic reach, calculated for each quarter after allowing for 
weekly variations in the flow at Teddington, and taking the average of the length found for each of the 
13 weeks in the quarter (Method C); the encircled points show the corresponding length of estuary 
where the oxygen content was calculated not to exceed 5 per cent saturation. 

The vertical distance between the points on the outer curves in Fig. 266 thus indicates the 
uncertainty in the calculated oxygen content since, as discussed on pp. 461-462, the methods of 
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Fic. 266. Comparison of average observed length of anaerobic reach (crosses) with corresponding average 
calculated lengths of those reaches containing zero (squares) and those containing not more than 5 per cent 
dissolved oxygen (circles) 


Observed L.C.C. data averaged by Method D (p. 487), calculated lengths derived by Method C (p. 488) 


prediction cannot give a significant length of estuary where the oxygen content is between 0 and 
5 per cent saturation, whereas the observed sag curves frequently give a reach of several miles where 
the dissolved oxygen is within this range—see, for example, Table 173 (p. 462). The length of the 
region of uncertainty in Fig. 266 is generally about 20 miles, varying from 54 miles in the first 
quarter of 1951 to 253 miles in the third quarter of 1953, and having an average value of 19 miles 
for the whole period; within this region the oxygen content may have any value from 0 to 5 per cent 
since the oxygen can in fact fall to zero in the presence of nitrate. 

When the calculated oxygen content is above 5 per cent there is fair agreement between the 
observed and calculated distributions, and when the calculated value is zero this is confirmed by the 
observed data—as may be seen by comparing the broken curves with the plotted points in Figs. 260 
and 261 (pp. 481-482). However, the observed oxygen concentration generally first reaches zero (on 
proceeding downstream) before the calculated values fall from 5 to 0 per cent, and Fig. 266 shows that 
the observed length anaerobic is never less than that calculated; on average it is 5 miles greater. 

The most likely source of this error in prediction is to be found in Assumption 4 on p. 421—that 
the oxygen content does not fall below 5 per cent in the presence of nitrate—although it was shown 
in Table 173 (p. 462) that, in the year ending 30th September 1954, the Laboratory found nitrate 
to be present, on average, for 14-2 miles where the oxygen content was less than 5 per cent. The 
average discrepancy between the observed length of the anaerobic reach (from Column 9 of ‘Table 173) 
and the calculated length (from Fig. 266) is 10-6 miles. It seems reasonable to suppose that had 
Assumption 4 allowed the oxygen content to fall to zero before denitrification was complete, the 
prediction of the length of the anaerobic portion of the estuary might have been considerably more 
accurate. However, it is not practicable to amend this assumption without more precise information. 
Another possible source of error is the discrepancy between nitrate values determined by the 
Laboratory and by the L.C.C.—discussed below. The concentrations found by the L.C.C. in the 
most polluted reaches are higher than would have been expected had the analyses been carried out 
by the Laboratory’s methods on which Assumption 4 is partly based. 

The data of Fig. 266 are shown in a different form in Fig. 267 where the calculated lengths 
containing no oxygen (solid symbols) and containing 5 per cent or less (open symbols) are plotted 
against the observed anaerobic lengths. This diagram shows more clearly the difference in the error 
of prediction between the four quarters of the year. A noticeable feature is that, for a given calculated 
length, the data for fourth quarters (squares) tend to lie farthest to the right; this is in agreement 
with the results of the statistical analysis of the L.C.C. data in Chapter 6, where it was concluded 
(p. 150) that, after allowing for seasonal variations in the level of dissolved oxygen that could be 
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attributed to linear effects of flow, temperature, and time, the level of oxygenation was appreciably 
lower in fourth than in other quarters. The data for second quarters (crosses) tend to lie farthest to 
the left of the line of equality, and this is presumably the result of photosynthesis. 
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Fic. 267. Calculated lengths of reaches containing zero dissolved oxygen (solid symbols) and 


not more than 5 per cent oxygen (open symbols) plotted against observed anaerobic lengths 
Data from Fig. 266 


The length of the anaerobic reach is very sensitive to minor fluctuations in the condition of the 
estuary; if at a particular time this reach is, say, 2 miles long, it will require only a small change in 
polluting load, in the exchange coefficient, or in photosynthesis, either to raise the oxygen content 
everywhere to above zero, or to increase the anaerobic length to at least 5 miles. Furthermore it is 
difficult to determine the length of the reach with any great accuracy either from the observed data 
(see, for example, Fig. 82, p. 155) or from the calculated oxygen distributions which relate to points 
at 2-mile intervals throughout the estuary. 


It is concluded from this examination of the length of the anaerobic Pre of the estuary, that — 


the methods of calculation tend to under-estimate the anaerobic length, that this error is largely — 


the result of assuming that the oxygen content does not fall below 5 per cent saturation until all 
available nitrate has been reduced, and that, in so long a period as 3 months, the effects of variations 
in flow ought to be taken into account. Amended methods of calculation discussed on p. 503 tend 
to increase the predicted anaerobic length. 


OCCURRENCE OF SULPHIDE 


In Fig. 268 maximum values of the observed quarterly average concentration of sulphide are 
plotted against the length of the anaerobic reach as calculated with allowance for weekly variations 
in fresh-water flow. 
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Fie..268. Relation between calculated average length of anaerobic reach and maximum 
value given by quarterly average observed distributions of total sulphide, 1951-55 


OBSERVED AND CALCULATED CONDITIONS 491 


The observed values in this diagram are for total sulphide and have been found by averaging 
all the data available for each quarter (obtained by the L.C.C. and the Laboratory) to give the average 
distribution at half-tide, and then taking the maximum value attained by each curve. This diagram 
includes all the data for the 14 quarters in which sulphide was regularly determined, and for which 
the calculated oxygen curves have been adjusted for variations in flow. These quarters are the third 
and fourth of 1951 and 1952, all the quarters of 1953-54, and the first two of 1955. The results are 
scattered, as would be expected because of the many factors which influence these variables, but a 
general relation is discernible. The indication is that, where no anaerobic reach is calculated, there 
is no significant occurrence of sulphide; consequently, if these methods of calculation are used in 
predicting future conditions, sulphide (particularly dissolved sulphide with the attendant nuisance) 
is unlikely to occur if anaerobic conditions are not predicted—provided, of course, the values assumed 
for the future polluting loads and other factors are known with sufficient accuracy. 


UNCERTAINTIES IN OBSERVED DATA 


Quarterly average distributions of dissolved oxygen, and of ammoniacal and oxidized nitrogen, 
obtained from the Laboratory’s surveys in the year ending 30th September 1954 are shown by 
dotted curves in Fig. 261 (p. 482) where it is seen that there are appreciable differences between the 
nitrogen figures found by the Laboratory and those obtained by the L.C.C. The two sets of oxygen 
data, however, are substantially in agreement (see also Fig. 99, p. 172), and this applies to a number 
of other quarters throughout which the dissolved oxygen was determined regularly by the Laboratory. 

In each three-monthly period the averages of the Laboratory’s determinations of ammonia or 
nitrate, when plotted against distance along the estuary, lie on a smooth curve. When the averages of 
the L.C.C. data are plotted, they show large fluctuations within short distances; this is no doubt due, 
at least in part, to the intervals between sampling and analysis inevitably being different for samples 
from different places, and to samples never being taken throughout the estuary on the same day. 
The curves representing the calculated condition of the estuary are all smooth and necessarily 
disagree with the observed data at places where these show large irregular changes. 

The discrepancy between the nitrogen analyses was discussed on pp. 184-187 and has not 
been resolved. The L.C.C. results rarely show a zero value for the average oxidized nitrogen during 
a quarter; even when sulphide persists, the average value is generally of the order of 1 or 2 p.p.m. 
It is now impracticable to pronounce on the relative accuracies of the methods used by the two 
organizations in 1953-54; even at the present time the determination of concentrations of the 
various forms of combined nitrogen in polluted estuary water leaves much to be desired. Clearly, 
with the degree of uncertainty involved, it is unprofitable to try to refine the methods of calculation 
to fit one set of data exactly, and where the calculated curve lies between the two sets of observed 
data it is not possible to give any measure of the error in prediction. 

It may be noted that in the third quarter of 1954 the calculations lead to an 8-mile reach devoid 
of oxidized nitrogen; the Laboratory’s surveys showed the length of this reach to be about 14 miles 
_ whereas a smooth curve drawn through the L.C.C. data in this part of the estuary does not fall below 
about ? p.p.m. It was partly on the basis of the results of the Laboratory’s surveys that Assumption 4 
on p. 421 was made. 

There is generally good agreement between the figures for total inorganic nitrogen as determined 
by the two organizations (see Fig. 117, p. 187); observed and calculated distributions of this factor 
are compared in Fig. 276 (p. 501). 


EFFECTS OF SOME MAJOR FACTORS ON CONDITION OF ESTUARY 


At this stage it is of interest to examine certain factors which have important effects on the 
condition of the Thames Estuary. Such an examination also shows the extent to which errors in 
the initial assumptions may account for discrepancies between observed and calculated conditions. 


TEMPERATURE AND FRESH-WATER FLOW 


The effects of variations in flow within a three-monthly period have already been discussed; 
the continually changing condition of the estuary makes it impossible to obtain observed distributions 
appropriate to the equilibrium conditions to which the calculated values apply. ‘To examine the 
effects of changes in flow and temperature the distributions in equilibrium with Teddington flows 
of 500, 1500, and 3000 m.g.d., and with uniform temperatures of 7$°, 123°, 173°, and 22$°C 
throughout the estuary were calculated for the average polluting loads obtaining from January 1951 
to June 1954, assuming an exchange coefficient of 5 cm/h in all cases; these distributions are shown 
by the curves in Fig. 269. The points plotted in the same diagram are individual results of the 
L.C.C. surveys from January 1951 to June 1955. he observed data were grouped according to the 
temperature measured at high water off Northern Outfall on each day; if this temperature lay 
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Fic. 269. Observed and calculated effects of temperature and fresh-water flow on distributions of dissolved 
oxygen, O, (per cent saturation), ammoniacal nitrogen, Namm (p.p.m.), and oxidized nitrogen, Noxa (p.p.m.), from 
January 1951 to June 1955 
Curves, calculated distributions for average polluting loads in 1951-54, and flows at Teddington and temperatures 
indicated 
Points, individual L.C.C. data for days when temperature off Northern Outfall at high water was within 24 degC of 
values shown, and fig at Teddington was in the ranges 400-600, 1250-1750, or 2500-3500 m.g.d. 
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between 5° and 25°C, all the data for that day were considered to be relevant to the nearest of the four 
temperatures used in deriving the calculated distributions. With regard to flow, the observed data 
for days when the flow at Teddington was between 2500 and 3500 m.g.d. were compared with the 
equilibrium curves calculated for 3000 m.g.d., and when it was between 1250 and 1750 m.g.d. 
with the distributions calculated for 1500 m.g.d.; since there were many results for flows around 
500 m.g.d. the process of selection was more discriminative—roughly speaking, the flow range used 
was 400-600 m.g.d. and data were excluded if the flow had not been within or close to this range 
throughout the previous week. As high flows do not occur during the summer months, no distri- 
butions are shown in the diagram for 223°C at 1500 m.g.d., or for 173° and 223°C at 3000 m.g.d. 

The general effects of changes in flow and temperature in 1951-55 may be seen from this 
diagram. It should be noted that the changes in temperature are almost entirely seasonal ones, 
not those produced by the discharge of heated water to the estuary; the predicted effects of such 
discharges are considered later (pp. 522-526). ‘The agreement between the observed and calculated 
oxygen distributions is reasonably close when the following points are taken into account: each 
calculated curve refers to equilibrium conditions at a particular flow and temperature, whereas 
each set of observed data relates to a range of flows and temperatures under non-equilibrium 
conditions; day- -to-day variations in the polluting loads discharged, in the exchange coefficient for 
oxygen, and in the tidal range will produce further fluctuations in the observed data; the effects of 
phytoplankton have been neglected in deriving the calculated curves. 

The distributions of ammoniacal and oxidized nitrogen, however, are not predicted so accurately. 
In the lowest temperature range the curves for ammoniacal nitrogen are in satisfactory agreement 
with the observed data, but the oxidized nitrogen has been over-estimated between roughly 
10 and 40 miles below London Bridge—this error is discussed further on pp. 503-504. At the 
highest temperatures, the calculated ammonia content is too great over most of the estuary— 
particularly in the upper and middle reaches—and where zero oxidized nitrogen is predicted 
some nitrate is found. Although part of the error in the ammonia curves may be associated with the 
growth of phytoplankton it is possible that the temperature coefficient for nitrification has been 
under-assessed (see p. 503). 


RATE OF CARBONACEOUS OXIDATION 


In calculating the distributions of dissolved oxygen and other substances shown in Figs. 260-263 
(pp. 481-484), two rate-constants were used for the oxidation of organic carbon (see pp. 226-227, 
422, and 467-468). Most of the discharges to the upper reaches are considered to contain carbon 
which is oxidized at the slow rate. For example, the total effective load of organic carbon entering 
from the Upper Thames, R. Crane, Duke of Northumberland’s River, R. Brent, Beverley Brook, 
R. Wandle, and from the sewage works at Mogden and Acton, in the fourth quarter of 1950 is 
estimated to have been 77-5 tons oxygen equivalent per day, of which 56-2 tons (72 per cent) 
were considered subsequently to be oxidized at the slow rate. ‘This ‘slow’ component represents 
62 per cent of the total effective carbonaceous load, or 30 per cent of the total effective load (including 
the nitrogenous part), entering above London Bridge. 

Before the effects of flow variations within a quarter had been examined (see pp. 485-487), 
the possibility was considered that errors in the proportions assigned to the ‘fast’ and ‘slow’ 
components of organic carbon might be responsible for some of the large discrepancies between 
the observed and calculated distributions in the upper reaches. The original calculated distributions 
for the fourth quarter of 1950 are shown by the continuous curves in Fig. 270, these curves being 
the same as shown in Fig. 260. The broken curves in Fig. 270 have been obtained by assuming that 
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Fic. 270. Effect produced on calculated distributions of dissolved oxygen, and of ammoniacal 
and oxidized nitrogen, by assuming all organic carbon entering estuary above London Bridge in 
fourth quarter of 1950 to be oxidized at ‘fast’ (standard) rate 
Continuous curves, assuming two rates of oxidation of carbon 
Broken curves, assuming all carbon oxidized at fast rate 
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all the organic carbon entering the estuary above London Bridge was oxidized at the ‘fast’ (standard) 
rate. ‘The changes produced in the landward limb of the oxygen curve are appreciable, but it is evident 
that in each of the distributions the change is less than that made, in Fig. 260, by allowing for flow 
variations. The agreement between the observed distributions and the revised calculated distributions 
in Fig. 260 is so close that changes similar to those shown in Fig. 270 would not improve the fit 
of the calculated distributions to the observed data. 

The overall effect produced by introducing the term which allows for some of the organic 
carbon to be oxidized at a fifth of the standard rate is seen to be fairly small. Nevertheless, this 
term is of considerable importance when calculating the effects of certain individual sources of 
pollution—particularly the Upper ‘Thames. 


EXCHANGE COEFFICIENT 


In the calculations discussed up to this point, the magnitude of the exchange coefficient has 
been assumed to be constant throughout the estuary (pp. 384-385) and to be the same for all 
quarters of the year. ‘There was little direct experimental evidence from which the variations in the 
exchange coefficient with position and season could be calculated. 

It was shown in Fig. 217 (p. 383) that when the combined effects of variations in temperature, 
in salinity, and in the concentrations of sewage effluents and detergents along the length of the 
estuary were taken into account, the overall effect on the exchange coefficient gave a comparatively 
small variation with position. Similarly, in the final column of Table 151 (p. 384) it was shown that 
when Thames water was passed through an experimental channel, the exchange coefficient varied 
by only about 10 per cent between six samples of water taken from points spread over 58 miles 
of the estuary. However, owing to lack of information it was impossible to include what is probably 
the most important single factor affecting the exchange coefficient, namely the degree of turbulence 
of the surface layers of the water. At the mouth of an estuary the effects of wind and wave are 
likely to be appreciably greater than near the head, and experimental work in the estuary and in 
the laboratory (reported in Chapter 13) has shown that both wind speed and wave height may be 
responsible for large changes in the exchange coefficient. ‘The experiments with the polythene tents 
(pp. 354-358) were not sufficiently distributed throughout the estuary to give any reliable indication 
of variation with position, although there was distinct correlation between the rate of entry of oxygen 
to the water from the tent and both wind speed and wave height. The results obtained with these 
tents cannot be taken as conclusive since both wind and wave may affect their accuracy, but they — 
are supported by the laboratory experiments (pp. 368-370), by the observed effects of gales on the 
estuary (pp. 361-363), and to a lesser extent by the relation between quarterly averages of wind ~ 
speed and dissolved oxygen (pp. 363-364). 

The fact that when the exchange coefficient was assumed to be constant at 5 cm/h, satisfactory 
agreement was obtained between the calculated and observed distributions of dissolved oxygen 
in Figs. 260 and 261, by no means proves that the coefficient does not vary along the estuary. 
Provided the values chosen for the exchange coefficient, f, do not alter the total mass of oxygen 
entering from the air, f may be varied along the estuary without producing much change in the 
calculated distribution of dissolved oxygen: under the conditions existing in 1950-55, the form of 
the descending (upstream) limb of the sag curve is determined mainly by flow at Teddington and 
the polluting loads—the oxygen added by reaeration is small in comparison with that removed by 
oxidation; the form of the ascending (downstream) limb is determined mainly by the dilution of the 
estuary water with clean sea water; and in the middle reaches the effects of changes in f tend to be 
masked by the effects of denitrification. 

‘To examine the effects of a large variation in f along the estuary, the assumption was made that 
off Southend the average value of the exchange coefficient was three times as great as at ‘Teddington, 
and that f changed linearly with distance between these two points. To maintain the total rate of 
entry of oxygen through the surface at the same value as with a constant f of 5 cm/h this gives 
a figure of about 2 cm/h at Teddington and about 6 cm/h at Southend. The calculation was made for 
the average conditions of flow, temperature, and loading obtaining in the first quarters of 1950-55; 
the results are shown in Fig. 271 where the continuous curves have been calculated with f constant 
at 5 cm/h and the broken curves with f varying along the estuary. The differences between these 
two curves are slight for dissolved oxygen and ammoniacal nitrogen, but the greater reduction of 
nitrate in the middle reaches with the varying f gives a more marked effect on the curve for oxidized 
nitrogen. No purpose would be served by including the observed data in Fig. 271 since the 
calculated curves have not been adjusted to take account of flow variations within, or even between, 
the 6 first quarters considered here. However, the changes shown in Fig. 271 may be compared 
with the average discrepancies between the observed data for the first quarters of 1950-55 and the 
corresponding distributions calculated with adjustment for flow variations; these discrepancies 
are shown later in Fig. 276 (p. 501). Generally speaking, varying the exchange coefficient along the 
estuary would not appre¢iably affect the degree of correspondence between the observed and 
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Fic. 271. Predicted effect of varying exchange coefficient, f, along estuary under average first-quarter 
conditions in 1950-55 


Continuous curves, f constant at 5 cm/[h 
Broken curves, f changing linearly from 2 cm/h at Teddington to 6 cm/h off Southend 


calculated distributions, but it would remove some of the discrepancy between the observed and 
calculated curves for oxidized nitrogen from 10 to 30 miles below London Bridge. 

In the calculations to which Fig. 271 refers, the oxidized nitrogen is the factor most sensitive 
to the change in the distribution of f. In an earlier calculation, based on a mean value of 5-5 cm/h, 
and relating to conditions during the second quarter of 1956, varying f in the same way (so that the 
value off Southend was three times that at ''eddington) produced a calculated anaerobic reach about 
6 miles long, whereas with a constant f the supply of nitrate was not exhausted and hence no 
anaerobic reach was predicted. 

It is evident that variations of f along the estuary cannot be calculated satisfactorily by comparing 
observed and calculated distributions. Even if a large number of calculations were made, the results 
would probably be inconclusive owing to random sources of variations in the condition of the water, 
and since it is unlikely that, for instance, the ratio of the value of f off Southend to that at Teddington 
is by any means constant throughout a quarter, or has the same mean value in successive quarters. 
Application of Equation 120 (p. 366)—which takes no account of wind—suggests that f should be 
approximately constant from 40 to 10 miles below London Bridge and should increase to over twice 
as much at Kew (13 miles above London Bridge). 

The effect of changing the average value of the exchange coefficient, while keeping the coefficient 
constant throughout the estuary and without changing the proportion of oxidizable material lost 
by deposition (see pp. 458-459), is shown in Fig. 272 where the three curves for each constituent 
relate to exchange coefficients of 4, 5, and 6 cm/h; the curves for 5 cm/h are the same as in Fig. 271 
since both diagrams refer to average conditions in the first quarters of 1950-55. Comparison of the 
changes in the distributions on altering f from 5 to 4, or from 5 to 6 cm/h, with the discrepancies 
between observed and calculated conditions in Fig. 276 (p. 501), suggests that the highest exchange 
coefficient is generally the most satisfactory for these first quarters; nevertheless, raising the coefficient 
to this value makes the discrepancy between the observed and calculated distributions of oxidized 
nitrogen, from 10 to 40 miles below London Bridge, even greater than with a value of 5 cm/h. 
Discussion of these discrepancies and of the most suitable values for f is deferred until p. 500; 
Figs. 271 and 272 have been drawn simply to indicate the order of magnitude of the changes in the 
calculated distributions when the exchange coefficient is altered. 
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Fic. 272. Predicted effect of changing exchange coefficient, f, when this is assumed constant throughout 
estuary, under average first-quarter conditions in 1950-55 


Continuous curves, f = 4cm/h; broken curves, f = 5cm/h; dotted curves, f = 6 cm[h 


496 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 
IMPROVED TREATMENT AT NORTHERN OUTFALL 


During the first 22 quarters of 1950-1961 (Figs. 260-263, pp. 481-484) the polluting load 
discharged from the Northern Outfall Sewage Works of the L.C.C. was substantially constant; 
the degree of treatment was such that, on average, 40 m.g.d. received secondary treatment—this 
represented 21 per cent of the estimated total flow of 190 m.g.d. through the works. In the middle 
of 1955 the new sedimentation plant came into operation and there was a substantial reduction in 
the load discharged. For the next 18 quarters the average total flow was 195 m.g.d. of which 34 m.g.d. 
(18 per cent) received secondary treatment. At the beginning of 1960 the new aeration plant was 
brought into full operation, and for the final 8 quarters covered by Fig. 263 the average flow 
was 212 m.g.d. of which 95 m.g.d. (45 per cent) received secondary treatment. 

It is clearly of great importance to examine whether the calculated changes in the condition of 
the estuary, following these substantial reductions in the load discharged from the largest single 
source of pollution, are in agreement with those observed. Yearly averages of the polluting load, in 
terms of a number of factors, were shown in Fig. 147 (p. 232). The average B.O.D. loads discharged 
from 1950 to mid-1955, from mid-1955 to 1959, and in 1960-61, were 198, 130, and 85 tons/day 
respectively, and the corresponding figures for the oxygen equivalent of the load of ammoniacal 
nitrogen were 135, 125, and 102 tons/day. 

The effects of the reduction in load have been calculated for equilibrium conditions with the 
average flows and average temperature distributions in first and third quarters of 1961. In Fig. 273(a) 
the continuous curves show the calculated distributions of dissolved oxygen, and of ammoniacal 
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Fic. 273. Predicted changes in condition of estuary, due to improvements in sewage treatment at Northern 
Outfall, in (a) first and (b) third quarters 
Continuous curves, calculated distributions for 1961 
Broken curves, calculated from same data but with loads from Northern Outfall increased to average values for 
mid-1955 to 1959 (before introduction of new aeration plant) 


Dotted curves, similarly calculated with Northern Outfall loads for 1950 to mid-1955 (before introduction of 
7 new sedimentation plant) 
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and oxidized nitrogen, in the first quarter of 1961 using all the appropriate data—these distributions 
are therefore the same as shown by the continuous curves in the corresponding diagram in Fig. 263 
(p. 484). ‘The broken curves in Fig. 273(a) have been obtained in exactly the same way but with the 
Northern Outfall loads increased to their average values in the first quarters of 1956-59 (before the 
new aeration plant was operating), and the dotted curves with the average loads for the first quarters 
of 1950-55 (before the new sedimentation plant came into use). The curves in Fig. 273(b) have been 
derived in the same way for the third quarter of 1961. 

The changes in distribution of dissolved oxygen predicted in Fig. 273 are quite small considering 
that the total B.O.D. load discharged to the estuary from all sources in 1961 was only three-quarters 
of that discharged in the earliest of the three periods. However, in all but one of the six curves 
(three for first quarters and three for third quarters) the calculated oxygen content was so low that 
restriction of nitrification had to be assumed; allowance for reduction of nitrate was required in all 
the third quarters, and for reduction of sulphate in the third quarters corresponding to 1950-54. 
These processes tend to mask the changes that would otherwise occur in the distribution of dissolved 
oxygen. It is seen that the calculated changes in the distributions of ammonia are more marked 
than for dissolved oxygen, the peak values falling by roughly 20 per cent from the dotted to the 
continuous curves. ‘The changes in the distributions of oxidized nitrogen in (a) are slight as there is 
only a short reach of low oxygen content, but the corresponding calculated changes in (b) are so 
large that the first stage of improvement in the treatment provided at Northern Outfall was equivalent 
(under these conditions of flow and temperature) to eliminating a 12-mile reach containing no 
nitrate or dissolved oxygen, and the second stage to providing a reserve of 1-7 p.p.m. oxidized 
nitrogen; however, it is shown on pp. 503-504 that there is evidence that the methods of calculation 
used so far in this chapter over-estimate the concentration of oxidized nitrogen, particularly in third 
quarters, so that the observed change in the distribution cannot be expected to be as great as shown 
in Fig. 273(b). 

In each section of Fig. 274 are shown the observed distributions corresponding to each section of 
the previous diagram. The continuous lines are the observed distributions for the first and third 
quarters of 1961. The broken lines, referring to conditions after the introduction of the new sedi- 
mentation plant but before the introduction of the new aeration plant, were obtained in basically 
the same way as described on p. 126 for the production of standard sag curves. The dotted lines in 
Fig. 274 have been similarly derived from the observed data for the first quarters of 1950-55 and the 
third quarters of 1950-54. It may be noted that, whereas the calculated curves (Fig. 273) take account 
only of the changes in load discharged from Northern Outfall between the three periods, the observed 
curves (Fig. 274) include changes in other loads, but the effects of these on the condition of the 
middle and lower reaches are small in comparison with the effects of the reductions in the load from 
Northern Outfall; in the upper reaches, however, where the influence of the Northern Outfall 
discharge is slight, changes in the other polluting loads are of greater importance. 

Comparison of Figs. 273 and 274 shows that both the observed and calculated changes in dissolved 
oxygen are small. The observed changes in first quarters are most marked about 20 miles below 
London Bridge. The curves show a deterioration following the first stage of improved treatment, and 
a reversal of this deterioration following the second stage. The third-quarter sag curves show no 
significant change following the first stage and a marked improvement following the second, the 
total improvement being somewhat greater than that predicted. ‘The changes in dissolved oxygen 
following the first stage (additional sedimentation capacity) were examined in detail on pp. 164-166 
where it was concluded that in 1955-59 the deterioration that had been progressing for the previous 
20 years had been almost halted; the changes following the second stage (additional aeration plant) 
were discussed on pp. 166-167 where a marked improvement was noted. 

The observed and predicted changes in the nitrogen compounds are more difficult to compare; 
it is seen from Fig. 273 that the predicted effects of the changes in load from Northern Outfall are 
negligible upstream of 5 miles below London Bridge in the first quarter and 5 miles above London 
Bridge in the third. Changes observed above these points cannot therefore be attributed to changes 
in the load from Northern Outfall; they will be due to changes in all those factors which affect the 
upper reaches and of which no account is taken in Fig. 273. When allowance is made for the large 
changes observed in the condition of the upper reaches and for their effects downstream, it would 
appear that the predicted changes in the ammonia distribution are consistent with those observed. 
The predicted changes in the oxidized nitrogen in first quarters are so much smaller than the 
irregularities in the observed distributions that the comparison is profitless. 

There remains the large discrepancy between the calculated and observed changes in oxidized 
nitrogen in third quarters—shown in the lower right sections of Figs. 273 and 274 respectively. It 
is considered that both sets of distributions are appreciably in error: the calculated distributions 
make no allowance for the apparently lower average value of the exchange coefficient in the summer 
(pp. 500-503) or for the reduction of nitrate in mud deposits (pp. 254-255) so that the continuous 
curve for oxidized nitrogen in Fig. 273(b) is over-optimistic; the observed data are subject to 
the uncertainties discussed on p. 491. The most remarkable feature of the observed distributions 


(86724) 2K 


498 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


is that for about 10 miles each side of the L.C.C. Outfalls the 1961 curve is the lowest—despite the 
improvement in treatment, the higher level of dissolved oxygen, and the greater concentration of 
oxidized nitrogen in the upper reaches. The total load of combined nitrogen was reduced by the 
improved treatment, from 41 tons/day to 36 tons/day in the first stage (mainly removal of organic 
nitrogen), and to 29 tons/day in the second stage (mainly removal of ammonia without a correspond- 
ing production of oxidized nitrogen—the balance presumably being lost chiefly in the activated 
sludge removed and as molecular nitrogen); even so this could not reasonably account for the fall 
in concentration of oxidized nitrogen in the middle reaches of the estuary shown in Fig. 274(b). 

On the whole it appears that the overall change in condition of the estuary associated with the 
improved treatment at Northern Outfall is not incompatible with that predicted. The uncertainties in 
the observed and calculated third-quarter distributions of oxidized nitrogen make the most sensitive 
of all the comparisons also the most unreliable. ‘The small predicted increase in dissolved oxygen 
following the first stage was certainly not realized. It is possible that the additional removal of solids 
in the sewage works was not accompanied by a corresponding proportional reduction in the oxygen 
demand exerted on the water of the estuary; if these solids would have settled to the bed of the 
estuary, and then been removed by dredging before exerting much of their oxygen demand, the 
effect of their removal at the works would have shown little benefit to the estuary. If this were so, 
the first stage of improved treatment, by itself, could be considered to have given a poor return for 
the expenditure involved—but without this expenditure the improvements resulting from the 
additional aeration plant (which would otherwise be treating settled sewage of much poorer quality) 
would have been less rewarding. 
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Fic. 274, Observed changes in condition of estuary, following improvements in sewage treatment at 
Northern Outfall, in (a) first and (b) third quarters 


Continuous curves, observed data for 1961 
Broken curves, interpolated data for corresponding quarters of mid-1955 to 1959 
Dotted cuyves, interpolated data for corresponding quarters of 1950 to mid-1955 
L.C.C. data 
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SYNTHETIC DETERGENTS 


The fall in the general level of oxygenation which occurred about the time when the use of 
household detergents became common in the London area was discussed on pp. 385-387, where it 
was concluded that this deterioration could be attributed to the reduction in the exchange coefficient 
due to the presence of detergent residues in the estuary. An attempt has been made to compare the 
observed conditions in the years immediately before and after the widespread introduction of 
detergents with those calculated on the assumption that the average exchange coefficient before was 
19 per cent greater than after this time (see p. 385). Four quarters were selected from the period before 
the introduction of detergents. These were the first of 1947, the second of 1946, the third of 1948, 
and the fourth of 1947. The average values of the flow at Teddington in these quarters were roughly 
3900, 700, 300, and 240 m.g.d. respectively. Four quarters were also selected from the subsequent 
period—the first of 1951, the second of 1953, the third of 1952, and the fourth of 1953, when the 
average flows were roughly 4300, 600, 300, and 670 m.g.d. respectively; except in the fourth quarters, 
the average flows for the corresponding quarters in the two periods were therefore comparable. The 
information concerning the polluting loads discharged to the estuary during the earlier period is 
much less exact than in the later period. For instance, for most of the discharges the earlier data are 
in terms of permanganate value rather than B.O.D. and, as a preliminary to finding the effective 
oxygen demand, it has been necessary to convert the permanganate value to terms of B.O.D. using 
relations between these two properties found from examination of the data for more recent years 
when both had been determined. It is therefore clear that there must be considerable uncertainty 
in the distributions calculated for the earlier period. 


In Fig. 275(a-c) the continuous curves show the averaged distributions for the four earlier 
quarters, as calculated with an exchange coefficient, f, of 5-95 cm/h, 19 per cent greater than the 
value of 5 cm/h. The broken curves in the diagram have been obtained in exactly the same way, but 
with f equal to 5 cm/h. The difference between the continuous and broken curves thus represents the 
calculated deterioration in the condition of the estuary that would have resulted from the introduction 
of detergents had the loads, temperatures, and flows been identical in both the periods considered. 
The average calculated conditions for the later period (derived with f equal to 5 cm/h) are shown by 
the dotted curves. The corresponding observed distributions are shown in Fig. 275(d-f) where the 
continuous curves are the averages for the four individual quarters in the earlier period (1946-48) 
and the broken curves for those in the later period (1951-53). If the differences between the continuous 
and broken curves in (d-f) were the same as those between the corresponding curves in (a-c), it 
would suggest strongly that the predicted effect of detergent residues on the exchange coefficient 
was correct. Alternatively, if the former differences were the same as the differences between the 
dotted and broken curves in (a—c)—that is with no change in f/—it would be concluded that there was 
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Fic. 275. Average distributions of dissolved oxygen, and of ammoniacal and oxidized nitrogen, in four 
quarters in 1946-48 and four quarters in 1951-53 


(a-c) Calculated distributions using exchange coefficient of 5-95 cm/h (continuous curves) and 5 cm{h (broken 
curves) for earlier period, and 5 cm|/h (dotted curves) for later period 


(d-f) Observed distributions for earlier period (continuous curves) and later period (broken curves) 
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no evidence for an effect of detergents on the exchange coefficient. As expected from the uncertainties 
in the polluting loads discharged to the estuary in the earlier period—uncertainties which are likely 
to have a greater effect on the calculated distributions over the upper than the lower reaches—and the 
difficulties, already discussed, in comparing changes in distribution of oxidized nitrogen, the results 
are by no means conclusive. Nevertheless, they support the opinion that the deterioration of the 
estuary between the two periods is attributable to the discharge of synthetic detergent residues. The 
calculated change in the condition of the estuary is of the same order as the observed change. 


EXAMINATION OF ERRORS IN PREDICTION 


Some of the discrepancies between observed and calculated distributions have already been 
discussed, but some systematic errors in prediction remain to be examined. It was shown on pp. 485— 
487 that, by allowing for the effects of weekly variations in flow within each quarter, the agreement 
between observed and calculated distributions was improved to such an extent that detailed exam- 
ination of the errors in predicting the condition of the upper reaches of the estuary is profitless 
without making this allowance. The comparisons made below are mainly for the period from the 
beginning of 1950 to the middle of 1955 for which this allowance has been made. 

In Fig. 276 are shown the observed and predicted distributions of dissolved oxygen, and of 
ammoniacal, oxidized, and total inorganic nitrogen in corresponding quarters of 1950 to mid-1955, 
and also the average distributions for the whole period which have been obtained by giving equal 
weight to the average values in the first and second quarters of 1950-55 and in the third and fourth 
quarters of 1950-54. The observed distributions (continuous curves) have been obtained by averaging 
the relevant L.C.C. data, and the predicted distributions (broken curves) by averaging the distribu- 
tions calculated with allowance for flow variations within the quarter. 


DISSOLVED OXYGEN 


Considering the large differences between conditions in first and third quarters, it is evident that 
there is a fair measure of agreement between the observed and calculated distributions of dissolved 
oxygen. There are, however, some systematic discrepancies, the most important of which are the 
under-estimation of the oxygen content in the seaward reaches in the first half of the year and the 
over-estimation throughout most of the estuary in the second half. It is considered that the most 
significant sources of error are the assumption that the average value of the exchange coefficient is the 
same in each quarter of the year and the omission of any allowance for the effects of phytoplankton. 


Seasonal variations in exchange coefficient 


The reason why the exchange coefficient, f, was not varied between quarters was that, although it 
was known that the effect of temperature was appreciable (pp. 372-373), there were other seasonal 
factors, such as wind, for which it was not possible to make quantitative allowance; furthermore, 
preliminary calculations made with a constant value of f did not reveal any large systematic 
discrepancies that could be attributed to seasonal variations in f. It was therefore decided that a 
constant value of f should be used and that subsequently, when sufficient distributions had been 
calculated, the evidence for seasonal variations should be examined in more detail, and, if necessary, 
the values amended accordingly before making the predictions, in Chapter 18, of the future 
condition of the estuary. 

The seasonal variations to be expected in the exchange coefficient will be examined first and the 
variations in f required to improve the fit of the curves in Fig. 276 will then be discussed. 

The effect of an increase in temperature is to increase the exchange coefficient; it was concluded 
on p. 373 that the most probable value of the temperature coefficient was 1-6 per cent of the value 
of f at 15°C per degC. In the four quarters of the years to which Fig. 276 refers, the average 
temperatures, as determined by the L.C.C. over the reach extending 25 miles seaward of London 
Bridge at half-tide, were 8-9°, 15-8°, 20-6°, and 13-3°C, respectively. If the overall average 
temperature of 14-6°C corresponds to an exchange coefficient of 5 cm/h, then the values of f in 
the four quarters should become those shown in the first line of figures in Table 180. Consequently, 
the effect of temperature alone would be to decrease f by 10 per cent in first quarters and to increase 
it by 10 per cent in third quarters, whereas the results shown by Fig. 276 suggest that f requires 
to be increased in first and decreased in third quarters. 

The second factor of importance, and one for which less accurate allowance can be made, 
is the presence in the estuary of substances which affect the exchange coefficient. In Fig. 217 (p. 383) 
were shown the calculated reductions in the exchange coefficient attributable to the presence of 
dissolved solids (that is, to salinity), sewage effluent, and surface-active material in the third quarter 
of 1953. The relative effects of these substances (which may be loosely referred to as contaminants) 
in different quarters were not studied in Chapter 13, but the methods used in deriving Fig. 217 can, 
to a lesser extent, be applied to other quarters. The average distributions of contaminants vary 
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between quarters—mainly owing to changes in the fresh-water flow. ‘The distributions of B.O.D., as 
determined by the Laboratory, in the four quarters ending with the first of 1954 are shown in Fig. 107 
(p. 180), and the corresponding salinity distributions have been obtained from Table 5 (p. 21). In 
Fig. 217, the value assumed for f in clean fresh water was 12 cm/h; after allowing for the calculated 
effects of salinity and B.O.D. (the latter being related, as described on p. 376, to the concentration of 
settled sewage or sewage effluent in the estuary), it is found that the predicted average values of 
f in the reach extending 25 miles seaward from London Bridge at half-tide are 6-2, 5-3, 5:2, and 
5-7 cm/h for the first to fourth quarters. The further allowance required for the effects of detergents 
can be made for only the third quarter of 1954 since it was in that quarter alone that this property was 
regularly examined (p. 199); however, it was suggested on p. 385 that the proportional reduction due 
to detergents was probably much the same in all quarters. If the departures of the four values given 
above are expressed as percentages of their mean, and are added to the corresponding departures 
from the four values given in the first line of ‘Table 180, the net effect of seasonal variations in 
temperature and degree of contamination of the water is that shown in the second line of the table. 
(It may be noted that all the figures given in the table have been calculated to a further place of 
decimals, but each figure has been rounded off in the table.) It is seen that the estimated seasonal 
variation due to the effects of contaminants approximately offsets that due to temperature. 


Table 180. Estimation of quarterly variations in exchange coefficient, f, 
when mean annual value ts 5 cm|h 


All values in cm/h 




















Ist 2nd 3rd 4th 
Quarter Quarter Quarter Quarter 
Value of (/ when allowance is made for quarterly variations in 
‘Temperature 4-5 5-1 5-5 4-9 
‘Temperature and contaminants 5-0 4-8 Seid 5:0 
Temperature, contaminants, and wind 5-4 4-7 4°8 5-4 
Calculated from discrepancies between observed and predicted sag 
curves Seg | Bip) 4-2 4-3 
Assumed for calculations in Chapter 18 Se, SS 4-3 4-5 














The remaining factor to be considered, and for which it is not possible to make any accurate 
allowance, is wind speed. ‘The wind data for 1950-55 have not been abstracted, but in 1920-1939 
the average wind speeds recorded at Greenwich in the four quarters of the year were 12-9, 11-3, 
10-6, and 12-0 m.p.h. respectively. The uncertainty in the magnitude of the effect of wind speed 
was discussed in Chapter 13. If use is made of Equation 109 (p. 358) relating the value of f—as found 
in the experiments with the plastic tents on the estuary—to wind speed, and if the results given 
by this equation are taken to give the proportional changes in /, then the net effects of temperature, 
contaminants, and wind are as shown in the third line of Table 180. This additional allowance for 
wind speed is clearly the least accurate of the adjustments made in ‘Table 180 and (as may be seen 
from p. 358) will probably include the effects of variations in wave height in so far as these are 
correlated with wind speed. If, on the other hand, the results of the laboratory experiments 
(pp. 368-369) on the effect of wind were used, the seasonal variations due to wind would have been 
even greater since the slopes of the lines through the points plotted in Fig. 199 show a greater 
proportional change in exchange coefficient with wind speed than do the data obtained by experiments 
with tents in the estuary. 

It is seen from Table 180 that the net effect of the three factors together is roughly the opposite 
of the effect of temperature alone. Consequently it is not surprising that the changes apparently 
required in f in Fig. 276 are in opposition to those to be expected when only temperature is 
considered. . 

Disregarding the values in Table 180 so far discussed, the seasonal variations in exchange coefficient 
necessary to improve the fit of the observed and calculated curves in Fig. 276 were then estimated. 
The discrepancies between the observed sag curves and those calculated without allowance for 
flow variations within the quarter were examined for corresponding quarters throughout the 12-year 
period covered by Figs. 260-263 (pp. 481-484); this discrepancy is the difference between the 
continuous curves and the plotted points in those diagrams. For each of the 48 quarters the product 
of the deficiency and the surface width was summed at 1-mile intervals from Teddington to 
Southend. The average value of this quantity for each set of 12 corresponding quarters was expressed 
in terms of tons/day per cm/h in the same way as discussed on p. 333 and illustrated in Fig. 218 
(p. 387). Each of the four differences (corresponding to the four quarters of the year) was then 
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divided by 118 tons/day to obtain the necessary change in exchange coefficient from the value of 
5 cm/h to which the calculated curves refer; the figure of 118 tons/day actually related to 1950-53 
(Table 135, p. 333). Adding these changes in exchange coefficient to the original 5 cm/h gives the 
values shown in the fourth line of Table 180; the mean value for all quarters is 4-83 cm/h. 

The differences between the values in the third and fourth lines of Table 180 are greatest for 
second and fourth quarters. It is very probable that the cause of this discrepancy is largely the 
result of photosynthesis in the spring and the decay of phytoplankton in the winter. The calculation 
of the figures given in the fourth line of the table makes no allowance for these effects and it seems 
that without more quantitative information concerning the relative effects of photosynthesis, and of 
respiration and decay of phytoplankton throughout the estuary, the most satisfactory procedure 
to adopt is to use an incorrect value of the exchange coefficient which will, to a large extent, 
compensate for these effects. Thus, if the derivation of the figures in the third and fourth lines of 
the table was accurate, the use of 4-7 cm/h in second quarters would give the distribution 
of dissolved oxygen in the absence of photosynthesis, but the probably incorrect value of 5-5 cm/h 
would be more satisfactory in predicting the observed distributions without any allowance being 
made for the effects of photosynthesis. The values adopted for f in the calculations made in 
Chapter 18 are shown in the final line of Table 180; these values are 2—4 per cent nearer the overall 
average than those derived above which were obtained by a rather more rigorous procedure after 
the final calculations had been started. The effect of changing f from 5 cm/h to 5:2 or 5-3 cm/h 
(first and second quarters) is to give a slightly higher calculated content of dissolved oxygen where 
this was originally greater than 5 per cent—the order of magnitude of the changes can be inferred 
from Fig. 272 (p. 495). The effects of the changes from 5 cm/h to 4:3 or 4:5 cm/h in third and 
fourth quarters are correspondingly larger; where a value of 5 cm/h predicts that a few miles of the 
estuary will be anaerobic, these lower values may increase the anaerobic length by about 2 miles 
after allowing for alterations resulting from using the correct form of Equations 249 and 250 
(see pp. 466-467). 


OXIDIZABLE NITROGEN 


Returning now to discussion of Fig. 276 (p. 501), it is seen that the most important error in 
predicting the distribution of ammoniacal nitrogen is to be found in the data pertaining to the middle 
reaches where the concentrations have been consistently overestimated. ‘The discrepancies in the 
first and fourth quarters, however, are of about the same order of magnitude as the discrepancies 
between the observed data obtained by the L.C.C. and by the Laboratory. It appears that the maxi- 
mum discrepancy in each quarter increases with increasing temperature. This suggests that the 
temperature coefficient of the rate-constant, «x, of nitrification is too small (see p. 219). 

Organic nitrogen is not determined by the L.C.C. and was not examined during the Laboratory’s 
survey; study of the errors in its predicted distribution is thus not possible. 


OXIDIZED NITROGEN 


Fig. 276 shows generally good agreement between the observed and calculated distributions 
of oxidized nitrogen in the second and fourth quarters. There is a large difference between the 
observed and predicted curves for third quarters in that part of the estuary where no nitrate is 
predicted; this point has already been discussed (p. 491). The greatest systematic error is the 
over-assessment of oxidized nitrogen in the lower reaches of the estuary throughout the year. 
This is believed to be due, at least to some extent, to reduction of nitrate occurring in mud deposits 
even when the supernatant water contains substantial amounts of dissolved oxygen (pp. 254-255). 

The need for a term to allow for loss of nitrate—by reduction in mud or by other unknown 
causes—is most apparent in the parts of the estuary from 20 to 40 miles below London Bridge. 
From the shape of the curves for oxidized nitrogen in this part of the estuary, shown in Fig. 276, 
it is apparent that no simple rate of loss of nitrate could give a satisfactory fit to the observed curves. 
In Fig. 277 are shown the average observed data for two third and two fourth quarters and a series 
of curves calculated on the assumption that nitrate was being lost at a rate of 0, 1, 2, or 3 per cent 
per tide (the distributions for no loss of nitrate have been calculated for two quarters only). In 
deriving these curves allowance has been made for the different values of the exchange coefficient 
required by the oxygen balance (see above), and the correct forms of Equations 249 and 250 have 
been used (see pp. 466-467). It is clear that none of these curves can be considered a satisfactory 
fit to the observed data; to obtain a better fit it would have been necessary to allow for the entry 
of oxidized nitrogen from the sea and this was not taken into account in the boundary conditions 
discussed on p. 466. In the remaining calculations, it will be assumed that everywhere downstream 
of London Bridge the rate of loss of nitrate by these causes is 2 per cent per day (that is roughly 
1 per cent per tide) although the evidence shown here does not support this particular value with 
any degree of precision. 
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Fic. 277. Calculated effects of allowance for loss of oxidized nitrogen at rates (shown 

against curves) of 0, 1, 2, or 3 per cent per tide in third quarters of (a) 1955 and (b) 1960 


using exchange coefficient of 4-3 cm/h ,and in fourth quarters of (c) 1956 and (d) 1958 using 
coefficient of 4-5 cm/h 


L.C.C. observed data shown by plotted points 


TOTAL INORGANIC NITROGEN 


The distributions of total inorganic nitrogen, that is ammoniacal plus oxidized nitrogen, 
plotted in Fig. 276 show that the inorganic nitrogen has generally been over-estimated; the observed 
and calculated distributions in the fourth quarters, however, are in good agreement. Probable 
reasons for the over-estimation of inorganic nitrogen are that this material is used in the growth 
of phytoplankton—being converted to organic nitrogen—and the loss of nitrate in mud deposits 
discussed above. 


SUMMARY 


Owing to the length of this chapter it may perhaps be helpful to summarize briefly the main 
points that have been discussed. 

In the early part of the chapter the assumptions regarding rates of oxidation and reduction, 
as affected by the level of dissolved oxygen, were examined more thoroughly than in earlier chapters. 
Details were then given of the method of calculating distributions of dissolved oxygen and of 
ammoniacal and oxidized nitrogen in a particular quarter; the complexity of these calculations made 
it clear that, in examining the errors in prediction, later in the chapter, it was impracticable to 
repeat as many of the calculations, with modification of some of the terms, as would have been 
desirable. It is probable that, with the experience that has been gained in this work, rather simpler 
methods of calculation could now be devised; it is certain that many of the less important terms 
in the calculations which have been made could have been neglected without appreciable error, 
but until a large number of calculations had been completed it was not possible to reach this | 
conclusion. ‘The comparison of observed and calculated conditions in 1950-1961 made in 
Figs. 260-263 (pp. 481-484) showed that, by the methods adopted, it was possible to predict the 
major changes in the condition of the estuary that occur from quarter to quarter. An exact 
agreement between observed and predicted conditions could not be expected, owing not only to the 
incomplete understanding of the processes occurring in the estuary but also to the incomplete 
information about the polluting loads discharged and to uncertainties in some of the data for the 
observed condition. A large source of error in the original calculations, but one of which the full 
importance was not realized until a fairly late stage in the work, was the use of the average flow 
during a quarter in predicting the average conditions. It has been shown in this chapter that to 
obtain reasonable agreement between observed and predicted conditions in the upper reaches of 
the estuary (particularly in fourth quarters) it is essential that allowance be made for weekly varia- 
tions in the fresh-water flow. Unfortunately the labour involved in making this allowance was 
so great that it was necessary to make certain approximations and in most of the examinations 
of effects of other major factors on the condition of the estuary it was not practicable to make this 
allowance for non-equilibrium conditions. Consequently, when examining the effects of such factors 
as the improved treatment at Northern Outfall, or the introduction of detergents about 1950, 
it was necessary to compare the observed data before the change in conditions with the observed 
data after, and the calculated before with the calculated after, and thus to see whether the observed 
and predicted changes were comparable, rather than to make a direct comparison between the 
observed and predicted conditions of the estuary. 

Despite the fact that Chapters 12 and 13 were devoted almost entirely to estimating the probable 
value of the exchange coefficient for oxygen and examining the factors which might affect it, in the 
main body of the calculations described in the present chapter the average exchange coefficient 
was taken as 5 cm/h regardless of the season or of position in the estuary. Even this mean value 
of 5 cm/h is in considerable doubt owing to the uncertainties involved in the quantities of oxidizable 
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matter lost from the system by deposition and by displacement and mixing through the seaward 
boundary of the estuary. Towards the end of the chapter the seasonal variations in the exchange 
coefficient were discussed and it was shown that there is substantial evidence, both from the results 
of laboratory experiments and from comparison of the observed and calculated distributions of 
dissolved oxygen in the estuary, that the average exchange coefficient in the summer is appreciably 
lower than in the winter; this is the reverse of what is to be expected when the effects of temperature 
alone are considered. Some of the systematic errors in prediction of the condition of the estuary 
are reduced by allowing for seasonal variations in the exchange coefficient and for reduction of 
nitrate in mud deposits. 

As in earlier chapters, it has been impossible to make any quantitative allowance for the effects 
of photosynthesis by phytoplankton, or of the respiration and decay of these organisms. Their 
effects on the distribution of dissolved oxygen are partially compensated by the alteration of the 
exchange coefficient, but no allowance has been made for the effects on the distributions of nitrogen 
compounds by growth or decay of phytoplankton. 

It is considered that the methods of calculating the condition of the estuary developed in earlier 
chapters and described in the present one, when amended to allow for seasonal variations in the 
exchange coefficient and for reduction of nitrate in mud deposits, are sufficiently accurate to make 
it possible to predict the future condition of the estuary under different assumed conditions with a 
reasonable degree of certainty; the remaining chapters are devoted to this subject. 
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CHAPTER 18 


Prediction of Future Conditions 


The main application of the work described in previous chapters lies in predicting the future 
condition of the estuary on the basis of assumptions regarding the polluting loads, fresh-water flow, 
and other relevant factors. The first part of the present chapter deals mainly with predicting the 
condition of the estuary in the summer of 1964 if the fresh-water flow is low and the temperature 
high. The latest year considered in Chapter 17 was 1961; between that year and 1964 there were 
two major changes in the polluting load following extensions to the sewage works at Southern 
Outfall (see p. 72) and Mogden (p. 75). At the time of making these predictions the former extensions 
had not been completed and the latter were just being brought into operation; consequently, it was 
necessary to accept the figures for the quality of these effluents expected by the two organizations. 

The changes in the condition of the estuary that would be produced by alteration of such factors 
as the point of entry, quality, and rate of flow of some particular discharges are next examined, and 
then the effects of heated discharges and of the removal of detergents are discussed. ‘The minimum 
changes in the 1964 loads that might be required for the passage of migratory fish are also considered. 

It is expected that in 1964 the general condition of the estuary will be better than it has been 
for many years. However, if the present upward trends in industrial and domestic usage of water 
were to continue without compensatory remedial measures of improved treatment, the condition 
would thereafter deteriorate. The final section of the chapter is concerned with estimating the 
possible effects of future increases in the polluting load. 


EFFECTS OF MAJOR CHANGES IN DEPOSITION 


In predicting the future condition of the estuary there are two particular sources of uncertainty 
concerning the effects of deposition and dredging. The first is that the loss of oxidizable material 
from the water by deposition depends not only on the amount and nature of the polluting discharges, 
but also on the rate of removal of deposited matter by dredging and from which reaches spoil is 
removed. The second is that, after a substantial change i in any of the factors affecting deposition, 
a considerable time may elapse before a state of quasi-equilibrium has been established. 


ULTIMATE, EFFECTS 


In the absence of a significant change in the dredging programme, substantial alteration of the 
amount or nature of any of the larger polluting discharges may be expected to be followed by changes 
in the amount of oxidizable material deposited; similarly, a change in the point of discharge may 
affect both the amount deposited and the place where deposition occurs. 

It is impracticable to measure the average rate of accretion of bottom deposits i in a system as 
large as the Thames, and lacking direct measurements it has been assumed that over a sufficiently 
long period the amount of organic matter deposited is the same as the amount taken out of the 
system by dredging. This will not be strictly accurate, as dredging is carried out only in the navigable 
parts of the estuary, and banks of deposited material may accumulate in the considerable area which 
is not dredged (see P. 323). 

The chief organic deposits i in the Thames Estuary happen to occur in the neighbourhood of the 
chief discharges of organic matter from the sewage works of the London County Council. This tends 
to simplify the problem when considering the effects of deposition and subsequent dredging in the 
estuary as it now is, or as it has been for many years past; the methods adopted to allow for these 
effects were described on pp. 457-458. However, if the major discharges of organic matter were to 
enter the estuary at some point well removed from the present L.C.C. outfalls, it is by no means 
certain where deposition of this material would occur; it might occur near the new outfalls, but there 
may be hydraulic reasons for deposition to continue mainly in the same reaches as before. Since the 
amount of organic matter taken out of the system by dredging is a significant proportion of that 
discharged (see, for example, Table 134, p. 332) this uncertainty must introduce a corresponding 
uncertainty in any prediction of the effect of a large discharge to the seaward reaches of the estuary, or 
of moving the point of discharge from the existing L.C.C. outfalls. 

It appears, from the work of the Department’s Hydraulics Research Station!, that if there were 
any major change in the dredging policy of the Port of London Authority—for example, if the width 
or depth of the navigable channel were radically altered—there would be substantial changes in the 
pattern of deposition, and since this would affect the amount of oxidizable material remaining im 
suspension, it would nécessarily affect the quality of the estuary water. 
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It is impossible to predict how long it would take for alterations in the factors which affect 
deposition to produce their ultimate effects on the estuary water. If dredging were to be stopped, it 
would be many years before accretion ceased. Also, when major changes occur in the effluents 
discharged to the estuary—such as those in recent years at the Northern and Southern Outfall Works 
of the L.C.C.—it may be several years before conditions again come approximately to equilibrium. 
As pointed out on pp. 164-166 and 496-498, there was no change in the condition of the water 
following improved primary treatment by the introduction of new sedimentation plant at Northern 


Outfall in 1955. 


PREDICTED STATE OF ESTUARY IN 1964 


The predictions of the condition of the estuary in 1964 were made in the autumn of 1962, using 
estimates for the polluting loads likely to be discharged in 1964. Most of the individual sources were 
assumed to discharge the same polluting loads as in 1960-61, the only major changes in quality 
being those resulting from improved treatment at Mogden and Southern Outfall. In addition, allow- 
ance was made for the further diversion of sewage from Acton to Northern Outfall (p. 77), for other 
increases in the flow at Northern Outfall (Fig. 52(a), p. 70), and for differences in the flow of the 
fresh-water discharges (p. 468, second paragraph). 

The discharge from Mogden in 1964 has been assumed to be 85 m.g.d., and the values of the 
B.O.D., ammoniacal nitrogen, and oxidized nitrogen to be 10, 16, and 15 p.p.m. respectively; these 
figures represent, approximately, the pre-war quality of the effluent and were suggested by the 
Middlesex County Council. It is thus assumed that the discharge of activated sludge to the estuary 
will have stopped (see p. 75) and that the degree of nitrification will have been increased—the average 
concentration of oxidized nitrogen in the effluent discharged to the estuary from the activated-sludge 
plant during 1963 was only 2-4 p.p.m. The concentration of organic carbon has been taken to be 
20 p.p.m. and was derived in the way outlined on p. 234. The course of oxidation of this material in 
the estuary has been assumed to be given by Equation 35 (p. 227) with p equal to 0-75—that is with 
this proportion being oxidized at the ‘slow’ rate and the remainder at the ‘fast’ or standard rate. The 
value of p adopted for earlier calculations was 0-5, but improved treatment will have removed some 
of the more readily oxidizable substances and the value of p will therefore have increased; the value 
adopted gives a slightly lower E,,/U, ratio than previously, and this seems reasonable. ‘The future 
content of organic nitrogen has been taken to be 3 p.p.m. by extrapolation, to a B.O.D. of 10 p.p.m., 
of the data of Fig. 149 (p. 235). The final loads, in tons/day, in terms of various factors used in 
Chapter 9, compared with those for 1950-53 (shown in parentheses) are: B.O.D. 3-8 (6-4), U,.20 (24), 
Ux 34 (67), U 54 (91), E, 11-6 (14-2), EF 43 (77). The load of oxygen deficiency has been taken as 
1 ton/day calculated on the assumption that the dissolved-oxygen content of the effluent is 70 per 
cent saturation. 

The figures expected (in 1962) by the London County Council for the efHuent from Southern 
Outfall in 1964 were: flow 121 m.g.d., B.O.D. 31-5 p.p.m., and no oxidized nitrogen. The value 
assumed by the Laboratory for the organic carbon was 37-5 p.p.m. from Equation 45 (p. 229), and 
that for the organic nitrogen was 6-9 p.p.m. from Equation 51 (p. 235). The concentration of 
ammoniacal nitrogen, given by the difference between Equations 46 (p. 229) and 51, is 30-9 p.p.m., 
but the figure adopted was 30 p.p.m. which is more consistent with the method used in assessing 
Ux for 1950-53 (see p. 230). The value of p in Equation 35 (p. 227) was taken as 0-5 since the method 
of treatment and the expected quality of effluent are comparable with those at Mogden in 1955-56 
(see Table 82, p. 233). The 1964 loads, expressed in the same way as those for Mogden in the 
previous paragraph, then become: B.O.D. 17 (78), U, 54 (136), Ux 91 (96), U 145 (232), EF, 38 (112), 
E 124 (204)—all in tons/day. The dissolved-oxygen content of the effluent is assumed to be 35 per 
cent saturation, and there is thus a daily load of 2:8 tons of oxygen deficiency from this source to be 
taken into account. 

In addition to predictions for dry summer conditions in 1964, calculations were made for typical 
flows in each quarter of the year. The same polluting loads were assumed under all conditions, 
except in so far as those of the fresh-water discharges were related to the flow at Teddington. It was 
not practicable to allow for seasonal variations in the discharges of sewage effluent since these are no 
doubt related, to some extent, to rainfall and hence to the flow at Teddington, and these relations 
have not been studied in detail. 


ADVERSE SUMMER CONDITIONS 


The conditions of flow and temperature assumed for the majority of the predictions are about 
the most adverse likely to persist long enough for the distributions of dissolved ih den and other 
substances in the estuary to come substantially to equilibrium. 
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Flow 
The flow at Teddington is taken to be 170 m.g.d.—the Statutory Minimum (p. 26). The frequency 
of occurrence of such low flows was shown in various ways in ‘Table 1 (p. 11), Fig. 11(a) (p. 13), and 


Table 7 (p. 27). The longest periods throughout which each daily value was below 170 m.g.d. were 
from 27th June to 9th November 1934 (136 days) and from 27th June to 13th October 1949 (109 days). 


Temperature 


The average temperature of the reach from London Bridge to 25 miles below at half-tide is 
taken to be 22°C. The distribution of temperature along the estuary was estimated by the methods 


described in Chapter 16, taking account of the quantities of heat expected to be discharged in 1964. — 


This distribution is shown approximately by Line A in Table 181; the corresponding average 
distribution, as found by the L.C.C., in the third quarters of 1944, 1949, 1953, and 1959 (see Table 
54, pp. 117-119) is shown by Line B—the average flow in these quarters was 178 m.g.d. 


Table 181. Distributions of (A) temperature assumed in calculations of future 
summer condition of estuary when flow at Teddington is 170 m.g.d., and (B) 
average temperatures measured by L.C.C. in third quarters of 1944, 1949, 1953, and 1959 


All temperatures to nearest °C 


Miles from London Bridge at half-tide 
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Methods of calculation 


The distributions of dissolved oxygen, and of ammoniacal and oxidized nitrogen, have been — 


calculated by essentially the same methods as described on pp. 463-479 but with the necessary 
changes in load, with an average exchange coefficient of 4:3 cm/h—the third-quarter value from 


the last line of Table 180 (p. 502)—and with allowance for loss of nitrate at a rate of 2 per cent 


per day seaward of London Bridge (p. 503). 


Net effect of all sources of pollution 


The distribution of dissolved oxygen predicted for the assumed 1964 conditions is shown by | 


the continuous curve in Fig. 278(a) where it is compared with the distributions that would have 
been expected for the same flow in third quarters during 1920-29 (the dotted curve) and 1950-59 
(the broken curve). The method of producing these latter curves from the observed data was 
described on p. 126. 

A slight extrapolation was required to obtain the curve for 1950-59 because the lowest average 
flow at ‘Teddington in the third quarters of these years was 225 m.g.d., and the calculated curve 
relates to 170 m.g.d.; this extrapolation introduces some uncertainty in the values for the uppermost 
reaches, but is of little importance elsewhere. Of more importance is the uncertainty in the length 
of the reaches anaerobic under equilibrium conditions in 1950-59; the large differences between 
the length anaerobic throughout so long a period as three months, and the average of the length 
anaerobic on the individual days in this period, was discussed in detail on pp. 156 and 487-488. 
The length shown in Fig. 278(a) is 15 miles, but a more realistic figure is obtained by using the 
data for individual days. The average value given for a flow of 170 m.g.d. in 1950-59 by the method 


adopted in deriving Fig. 84(a) (p. 158) is 20 miles, and the average on those days in the decade when ~ 


the flow was between 165 and 175 m.g.d. was 23 miles. Even so, the occurrence of such low flows 
in 1950-59 was so infrequent (see Table 7, p. 27) that it is unlikely that equilibrium was reached. 

The predicted curve for 1964 is seen to contain a horizontal portion at 5 per cent saturation—this 
arises from the simplifying assumptions that were made. There is some uncertainty about the precise 
value for the oxygen content throughout this portion; it will be very low, but is unlikely to be zero 
(see pp. 460-462). The landward boundary condition assumed in the calculations was that the oxygen 
deficiency nearly 1 mile below Teddington Weir would be 12 per cent saturation. The largest 
average deficiency in any third quarter, as found from samples taken immediately above the weir 


- 
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by the L.C.C., was in 1945, when it amounted to 37 per cent saturation (p. 28); taking account 
of the reaeration provided at the weir (pp. 335-336) the average deficiency immediately below the 
weir was probably rather less than 10 per cent saturation. Although the value assumed for the oxygen 
content at the head of the estuary naturally affects the upper part of the curve, by calculating 
distributions with different assumed values for this oxygen content it is found that the effects of even 
large differences disappear before the calculated oxygen content has fallen to 5 per cent, and that 
changing the value at the boundary from 60 to 100 per cent saturation has no detectable effect on 
the position of the point where the oxygen content first reaches 5 per cent saturation. 
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MILES FROM LONDON BRIDGE AT HALF-TIDE 


Fic. 278. Predicted distributions of dissolved oxygen, and of ammoniacal (Amm) and oxidized (Oxd) nitrogen, 

in equilibrium with flow of 170 m.g.d. at Teddington, an average temperature of 22°C in reach extending 25 miles 

seaward from London Bridge, and polluting loads estimated for third quarter of 1964; and observed distributions 
(for third-quarter flow of 170 m.g.d.) derived from L.C.C. data for earlier periods 


Returning now to the comparison between the curves in Fig. 278(a), there are several features 
of interest. The most important is the absence of any reach devoid of dissolved oxygen in the curve 
predicted for 1964, whereas under similar conditions of flow and temperature in 1950-59 there 
were some 15-20 miles anaerobic (see near foot of last page). Thus, providing the polluting loads 
assumed are not too greatly in error, there is little likelihood of offensive conditions occurring in 
1964, even under the most adverse conditions of flow and temperature. Nevertheless, there is still 
expected to be a reach of over 30 miles where the oxygen content is low. 'The predicted condition of 
the middle and lower reaches is such that the distribution of dissolved oxygen to be expected 
in 1964—-with these particular values of the flow and temperature—is roughly mid-way between 
those observed in 1950-59, when conditions were at their worst, and those observed in 1920-29 
which was before the start of the major deterioration (see pp. 158-161). 

In Fig. 278(b) are shown the predicted distributions of ammoniacal and oxidized nitrogen in the 
third quarter of 1964, and the corresponding curves derived from the observed data for 1950-59. 
There is some uncertainty in the curve representing the observed concentration of ammoniacal 
nitrogen in the upper reaches, as the values were obtained by extrapolation of non-linear data. 
However, the general picture is fairly clear and shows that the amount of ammoniacal nitrogen may 
be expected to be lower at all points in the estuary in 1964. The predicted concentrations may, 
in fact, be somewhat higher than will be observed in the future as the discrepancies between the 
observed and predicted curves for 1950 to mid-1955, illustrated in Fig. 276 (p. 501), are not com- 
pletely eliminated by the amendments (described on p. 503) made to the methods of calculation. 
It is clear that nitrification of the Mogden effluent before discharge would substantially increase 
the reserves of nitrate in the water as it enters the reaches where the oxygen content is very low 
and where denitrification may be expected to occur. The L.C.C. data for the middle reaches in 
1950-59 indicate the presence of nitrate even in the presence of sulphide; this was discussed on p. 491. 


Effects of particular sources of pollution 

The calculated effects of individual discharges, or groups of discharges, on the distribution of 
dissolved oxygen in the absence of all other pollution are shown in Fig. 279 where the thick 
continuous curve (E) is for adverse summer conditions in 1964 and has been taken from Fig. 278(a). 
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Fic. 279. Predicted distributions of dissolved oxygen in third quarter of 1964, under 
same conditions as in Fig. 278, assuming certain discharges (or groups of discharges) 
to be sole sources of pollution 


See text for explanation of Curve A 


The uppermost curve (A) of Fig. 279 shows the allowance made in Curve E for the effects of 
deposition and subsequent dredging. ‘These factors cannot act in isolation, since removal of deposited 


matter cannot by itself lead to supersaturation. However, the net effect of deposition will be to offset, » 


to some extent, the oxygen depletion that would be produced by the polluting discharges if no 
deposition were to occur. Strictly, part of this ‘excess oxygen’ should be subtracted from each of the 
deficiencies produced by the individual discharges, but as it is not possible to determine the contri- 
bution made to this deposition by individual sources of pollution, only the total effect can be estimated. 

The thin continuous curves in Fig. 279 refer to discharges from sewage works. It is seen that 
Northern Outfall acting in the absence of all other sources of pollution would probably reduce the 
oxygen content to 5 per cent saturation in the vicinity of the outfall. The calculated maximum 
effect of the Mogden effluent—which is assumed to contain no surplus activated sludge (p. 507)—is 
similar to that of the discharge from Southern Outfall, but it must be remembered that this diagram 
is for a period of very low fresh-water flow and that, as the flow increases, the effect on the curve 
for Mogden is much greater than on that for Southern Outfall; at very high flows the oxygen 
deficiency produced by the Mogden effluent will be much less than that produced by the effluent 
from Southern Outtfall. (The influence of the point of discharge on the effect of flow is illustrated 
in Fig. 296, p. 555.) The remaining sewage works together are seen to produce a calculated oxygen 
depletion of about 20 per cent saturation from 5 miles above London Bridge to 25 miles below, 
so that, although their effects are small in comparison with the three works named, they are by 
no means negligible. 

Direct industrial discharges (Curve B) have a comparatively small effect—an oxygen depletion 
between 5 and 10 per cent saturation from 5 miles above to 30 miles below London Bridge—but 
most industrial wastes are discharged to the sewers and therefore contribute to the sewage effluents 
(p. 90). 

The calculated deficiency produced by the average discharge of storm sewage (Curve C) is 
about 20 per cent saturation around London Bridge. 

The remaining curve in Fig. 279 relates to the fresh-water discharges (Curve D). The oxygen 
deficiency at the head of the estuary is assumed to be 12 per cent saturation (as mentioned on p. 508); 
the effects of the polluted tributaries are considerable. 

Had the calculated minimum oxygen content shown by Curve E (which takes account of the net 
effects of all sources of pollution and of deposition) been greater than 5 per cent saturation, this 
curve could have been derived directly from the algebraic sum of the oxygen deficiencies shown by 


{ 
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the individual curves. However, in the middle reaches this sum greatly exceeds 100 per cent, 
thereby implying a negative concentration of dissolved oxygen. 

The concept of negative dissolved oxygen is a valuable one despite its lack of direct physical 
significance. If the oxygen deficiency were not limited to the solubility of oxygen, and if there were 
no restriction of nitrification, and no denitrification, under anaerobic (or nearly anaerobic) conditions, 
then the calculated oxygen content could fall below zero. Lacking a more suitable term, the oxygen 
content calculated in this way will be called the nominal oxygen content. The more negative the 
nominal oxygen content, the more the rate of accumulation of oxygen demand exceeds the rate of 
supply of atmospheric oxygen. 

The nominal oxygen content is calculated far more readily than the dissolved oxygen, since it is 
obtained simply by putting U, V, and W equal to zero in Equations 230-232 (p. 425). For instance, 
the maximum value of the nominal oxygen deficit corresponding to Curve E of Fig. 279 as calculated 
in this way from Equation 232 is 200 per cent of the solubility—that is, a nominal oxygen content 
of —100 per cent saturation. If each of the polluting loads were halved, this maximum deficit 
would then equal the solubility, and a short reach with an oxygen content of only 5 per cent would 
still be predicted (U #4 0); if they were halved again, the maximum deficit would be further 
decreased to 50 per cent saturation, so that the minimum oxygen content would also be 50 per cent 
saturation. It is only when the maximum nominal oxygen deficit is less than 95 per cent saturation 
that this term is the same as the maximum oxygen deficit. 

Although Curve E indicates a length of over 30 miles with low oxygen content, the improvement 
in condition since the introduction of the new sedimentation plant at Northern Outfall in 1955 is 
large—the minimum nominal oxygen content predicted for adverse summer conditions in 1964 
is — 100 per cent saturation, whereas by using the average polluting loads from 1950 to mid-1955 it 
is calculated to be — 240 per cent. 


AVERAGE AND EXTREME CONDITIONS IN EACH 
QUARTER OF THE YEAR 


Provided the distribution of polluting loads discharged to the estuary is comparable with that 
assumed in the above calculations for 1964, it will be possible to compare the observed and predicted 
conditions whenever a third-quarter average flow of around 170 m.g.d. occurs. It is of interest 
to examine also the distributions of dissolved oxygen and of ammoniacal and oxidized nitrogen for 
other quarters and other flows; with a suitable selection of cases, it should then be possible to com- 
pare, at the end of each quarter, the observed distribution with that predicted. Accordingly, 
predictions have been made for three flows in each quarter of the year. The flows chosen were 
approximately those quarterly average values which were equalled or exceeded 1, 5, or 9 times 
per 10 years within the standard period of 1918-1952 (‘Table 1, p. 11)—that is, the 10-percentile, 
median, and 90-percentile flows for each quarter. ‘The corresponding distributions of temperature 
in first, second, and fourth quarters were obtained from the L.C.C. data using those quarters in 
1950-59 when the flow was nearest to the values adopted. In the third quarter, however, the 
temperature distribution for all three flows was taken to be that given in Line A of Table 181 (p. 508). 
The exchange coefficients used were those given in the last line of ‘Table 180 (p. 502). Results of these 
calculations are shown in Fig. 280. 

Only in first quarters does the predicted minimum oxygen content exceed 5 per cent saturation; 
with a flow of 4000 m.g.d. it rises to 28 per cent—a figure which may be compared with the 
corresponding observed values of 6 per cent in 1950-59 and 22 per cent in 1920-29 (Fig. 281(a)). 
Thus it is predicted that if this flow were to occur in a first quarter when the polluting loads were 
as assumed for 1964 the minimum oxygen content would be even higher than it was under corres- 
ponding conditions in 1920-29. The condition predicted for the upper and middle reaches in 
1964 is somewhat better than that observed in 1920-29, whereas under adverse summer conditions 
(Fig. 278, p. 509) the oxygen distribution lies mainly between the distributions for the two earlier 
decades. The probable reason for this is that it is assumed that by 1964 the majority of the sewage 
effuents will have received biological treatment and thus will contain higher proportions of less 
readily oxidized substances than previously. An increase in the proportion of these substances 
will affect the oxygen distribution most when the retention period in a particular reach is least. 
Thus when the flow is only 170 m.g.d. the distribution will not depend greatly on the relative 
proportions, but when it is 4000 m.g.d. the greater the proportion of slow carbon the higher will be 
the minimum content of dissolved oxygen but the further downstream will the effects of the 
pollution be discernible. In Fig. 281(b) are shown the corresponding distributions for a flow of 
1200 m.g.d. in second quarters; the distribution for 1964 generally lies between those for 1920-29 
and 1950-59, but it has not been possible to make complete allowance for the effects of phytoplankton 
(see p. 503). 

In calculating the oxygen distributions shown in Fig. 280 it was found necessary to make 
allowance for restricted nitrification (see p. 423) in all cases except for the two highest flows in the 
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first quarter; that is, non-zero values of U were necessary in Equation 232 (p. 425)—this term 
existing throughout the reaches where the oxygen content is shown as 5 per cent in the diagram. 
From assumptions made about denitrification (p. 421) it was calculated that this would occur 
over about a third of the length of the reaches of low oxygen content predicted for the third quarter; 
under these conditions V is non-zero in Equation 232. In the fourth quarter it was necessary to 
assume that denitrification occurred only at the lowest of the three flows; no denitrification was 
required even at the lowest flow in the first and second quarters. 
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Fic. 280. Predicted distributions of dissolved oxygen (continuous curves), ammoniacal nitrogen (broken curves), 
and oxidized nitrogen (dotted curves) in equilibrium with certain flows at Teddington (shown, in m.g.d., against 
each curve) and polluting loads predicted (on p. 507) for 1964 
Average temperatures in reach extending 25 miles seaward from London Bridge at half-tide: 
9:2°, 10:0°, 7-9°C in first quarter (lowest flow first); 168°, 145°, 14-6°C in second; 
22°, 22°, 22°C in third; 14-5°, 12-6°, 13-6°C in fourth 
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Fic. 281. Predicted distributions of dissolved oxygen in 1964 and observed distributions 
in two earlier periods 


(a) First quarters, flow of 4000 m.g.d. at Teddington; (b) second quarters, flow of 1200 m.g.d. at Teddington 


The distributions plotted in Fig. 280 for ammoniacal nitrogen (broken curves) and for oxidized 
nitrogen (dotted curves) show the predicted effects of the range of quarterly average flows expected 
during 8 years in 10. The reserve of some 2 p.p.m. oxidized nitrogen is approximately the same 
over the range of flows in the third quarter shown in Fig. 280. This reserve is appreciably less 
than in the other quarters of the year. 


CALCULATED EFFECTS OF CERTAIN CHANGES IN 
POLLUTING LOADS 


This section of the chapter deals with the calculated effects—mainly on the distribution of 
dissolved oxygen—that have been or might be produced by certain changes in the loads of polluting 
matter discharged to the estuary. 

First, the various changes that have occurred during recent years in the quality of the discharge 
from Mogden Sewage Works are estimated. 

Next, the effect of adding large polluting loads to the lower reaches, under the adverse summer 
conditions discussed earlier, are calculated. 

Finally, the changes in the condition of the estuary that would have been expected if either the 
Northern Outfall or both the Northern and Southern Outfalls of the London County Council had 
been moved to 30 or to 40 miles below London Bridge, either before or after the recent improvements 
in treatment at these two works, are discussed. 


CHANGES AT MOGDEN 


For a number of years until 1962 the effluent discharged from the Mogden works of the Middlesex 
County Council was of poor quality when compared with that discharged in earlier years. If, in the 
third quarters of 1960-62, the discharges of activated-sludge-plant effluent and settled sewage from 
Mogden had been the only sources of pollution, if the fresh-water flow at Teddington had been 
170 m.g.d., and if the distribution of temperature had been as given by Line A of Table 181 (p. 508), 
then it is calculated that the distribution of dissolved oxygen in the estuary would have been that 
shown by Curve M, in Fig. 282. In this and the subsequent calculations, no allowance had been 
made for the removal of part of the oxidizable material from the system by deposition and sub- 
sequent dredging, since it is not possible to evaluate this term for individual discharges (see p. 510). 

If account is taken of the average rate at which surplus activated sludge is estimated, by the 
Middlesex Main Drainage Department, to have been discharged to the estuary in the third quarters 
of 1960-62, the curve M, is replaced by M’ which falls slightly below zero in terms of the nominal 
oxygen content (defined on p. 511). It is thus concluded that the total discharge from Mogden in 
these third quarters would have been sufficient to lower the oxygen content of the water some 7 miles 
below the point of discharge almost to zero, had the required conditions of low flow and high tem- 
perature occurred—the restriction of nitrification at low oxygen concentration (pp. 220 and 460) 
would have prevented the onset of anaerobic conditions. 

In October 1962 the extensions to the Mogden works came into operation. The dry weight of 
surplus activated sludge discharged in the third quarter of 1963 is understood to have been nearly 
50 per cent greater than during the third quarters of 1960-62. The effects of this increased discharge 
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are calculated to have virtually annulled those of the improvement in effluent quality between these 
two periods; the differences between the calculated effects of (i) the average discharge of effluent 
and sludge in 1960-62 and (ii) the effluent expected in 1964 and the sludge discharged in the third 
quarter of 1963, were so small in comparison with the effects of uncertainties in the data that only 
the mean effect is shown in Fig. 282 as Curve M’. 
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Fic. 282. Calculated distributions of nominal oxygen content in estuary under adverse 
summer conditions (flow at Teddington, 170 m.g.d.; average water temperature, 22°C) 
if efduent from Mogden Sewage Works were sole source of pollution 


M,, distribution due to settled sewage and sewage effluent in third quarters of 1960-62 
M,, due to sewage effluent of pre-war quality in third quarter of 1964 


M’, due to discharge (i) of surplus activated sludge, settled sewage, and sewage effluent in third quarters 
of 1960-62 or (it) of surplus sludge in third quarter of 1963 and sewage effluent in third quarter of 1964 


If by the third quarter of 1964 there were to be no discharge of sludge from Mogden, Curve M’ 
would be raised to Curve M,. The difference between Curves M, and M’ thus represents the cal- 
culated effect of the sludge discharged in the summers of 1960-62, and the difference between M, 
and M’ approximately that of the sludge discharged in the third quarter of 1963, in each case the 
effect being calculated for the stated conditions of flow and temperature. 


INTRODUCTION OF ADDITIONAL POLLUITORRS 
LOWER REACHES 


With the present rapid increases in population and in water consumption, both for domestic 
and industrial purposes, the polluting load of crude sewage being treated before discharge to the 
estuary may be expected to rise. The possible effects of this trend are discussed on pp. 529-531. 
There is also the possibility that more industrial concerns may wish to discharge polluting effluents 
direct to the estuary. It is thus of interest to calculate the effect, on the predicted distribution of 
dissolved oxygen, of certain additional loads of oxidizable material. These calculations have been 
confined to estimating the effects of additional discharges 30 or 40 miles below London Bridge, that 
is, near the limits of the reach some 16 miles in length which is the only section of the estuary 
upstream of Southend which may be considered to have a reserve capacity for self-purification. 

In Fig. 283(a) the continuous curves show the distributions of dissolved oxygen and oxidized 
nitrogen predicted for adverse summer conditions in 1964 and the broken curves the effect of the 
addition, 30 miles below London Bridge, of ‘fast’ organic carbon with an oxygen equivalent of 
100 tons/day. Very roughly this may be considered as equivalent to the carbonaceous part of the 
settled sewage from rather more than a million people. Although the calculated effect on the distri- 
bution of dissolved oxygen is seen to be fairly small—amounting to a maximum depletion of about 
13 per cent saturation—the reserve of oxidized nitrogen is only three-quarters of the 1964 value. The 
oxygen depletion is shown more clearly by the upper continuous curve in Fig. 283(b). In the same 
diagram the lower continuous curve shows the corresponding depletion that would be produced by 
moving the point of discharge from 30 to 40 miles below London Bridge; the broken and dotted 
curves show respectively the calculated depletions produced by the same loads of ammoniacal 
nitrogen and of ‘slow’ ofganic carbon at the same points. 
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Fic. 283. Predicted effects of additional pollution on third-quarter distributions of dissolved oxygen 
and oxidized nitrogen in 1964 with Teddington flow of 170 m.g.d. and mean temperature of 22°C 


(a) Continuous curves, distributions without additional pollution; broken curves, distributions with steady 
addition of 100 tons/day oxygen-equivalent of ‘ fast’ organic carbon at 30 miles below London Bridge 


(b) Oxygen depletion produced by steady addition of ‘ fast’ organic carbon (Cqs4), ammoniacal nitrogen 
(Namm), and ‘ slow’ organic carbon (C.15,,) at 100 tons oxygen-equivalent per day, at 30 (upper curves) 
and 40 (lower curves) miles below London Bridge 


The changes in oxidized nitrogen have also been calculated but are not reproduced, except for 
the example shown in Fig. 283(a). ‘The most important point in the 1964 distribution of oxidized 
nitrogen is 16 miles below London Bridge at half-tide where the concentration of 2:0 p.p.m. 
represents the reserve of oxidized nitrogen in the most polluted reaches of the estuary. The predicted 
effect of adding 100 tons oxygen-equivalent of ‘fast’ organic carbon daily at 30 miles is to lower this 
reserve by 0:47 p.p.m., while the same load at 40 miles would lower it by only 0-05 p.p.m. The 
same load of ‘slow’ organic carbon at these points would reduce the reserve by about 0-34 and 0-08 
p-p.m. respectively; the calculated effect of ‘slow’ carbon added at 40 miles is thus greater than that of 
‘fast’ this is reasonable since the slower the oxidation the further upstream the material will penetrate 
by mixing before most of it has been oxidized. If there were a corresponding discharge landward of 
some 25 miles below London Bridge, the effects on the reserves of oxidized nitrogen would be 
considerably greater and the additional loads would thus tend seriously to offset the benefits of the 
improvements in sewage treatment that have been made in the past decade. 

Addition of ammonia at these points raises the reserve of oxidized nitrogen (by 0-16 p.p.m. for 
the input at 30 miles, and by 0-05 p.p.m. for that at 40) as a result of nitrification downstream of 
the reaches of low oxygen content and subsequent dispersion by tidal mixing. 


Mi PeRAEION:OF POINTS: OF DISCHARGE FROM’L.C.C.; 
SEWAGE WORKS 


It is to be expected that if the points of discharge of the effluents from the L.C.C. sewage works 
were to be moved seawards, say to 30 or 40 miles below London Bridge, the maximum effect pro- 
duced by these discharges on the condition of the estuary water would be very much less than with 
the outfalls in their existing positions—114 and 133 miles below London Bridge for Northern and 
Southern Outfalls respectively. It is of interest to examine this subject, although the advisability, or 
even the practicability, of future alteration of the points of discharge is outside the scope of this 
Report: the possibility of discharging to the lower reaches was seriously considered before the sites 
of the present outfalls were finally adopted (see pp. 96-97). 


Assumptions concerning deposition and dredging 


The main difficulty in making the relevant calculations is that certain assumptions are necessary 
concerning the effects that moving one or both outfalls would have on the existing pattern of 
deposition and dredging. Because these effects are unknown, the calculations were carried out twice, 
using very different assumptions. 

The first was that there would be no deposition, anywhere in the estuary, of the material discharged 
from the outfalls at the new positions. 

The second assumption was that deposition would occur in all those places more than 14 miles 
below London Bridge where dredging is now carried out. Since, in this part of the estuary, the 
largest quantities are dredged from Tilbury Tidal Basin and Gravesend Reach, it has been assumed 
that most of the deposition would occur at these places. 


(86724) 2,2 
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The methods of allowing for the effects of deposition and dredging were otherwise as described 
on pp. 457-458. It is clearly impossible to justify fully either of the two assumptions, but it seems 
reasonable to suppose that the actual effects of the deposition would lie somewhere between these 
two extremes, the differences between which—although quite large in some of the calculations—were 
found to be insufficient to give rise to serious misinterpretation of the results when the averages 
of each pair of distributions were used; accordingly only these average values will be presented. 


Outfalls 30 miles below London Bridge 


In Fig. 284(a-c) are shown the calculated effects of moving either Northern Outfall, or both 
Northern and Southern Outfalls, to 30 miles below London Bridge, under adverse summer conditions, 
with the average polluting loads estimated for 1950 to mid-1955; and in (d-f) with the average loads 
predicted for 1964. Each dotted curve (which, where not shown, is superimposed on a continuous 
curve) relates to conditions with the outfalls in their present positions, each broken curve (which, 
in places, is similarly superimposed on a continuous curve) relates to conditions with the effluent 
from Northern Outfall assumed to be discharged 30 miles below London Bridge, and each contin- 
uous curve to those with both outfalls moved to the same point. 

The calculated distributions of dissolved oxygen shown in Fig. 284(a) are remarkably similar; 
the only significant improvement effected by moving Northern Outfall alone (or both outfalls) 
is the elimination of the 10-mile anaerobic reach—conditions in the lower reaches being made 
worse. The reasons for the smallness of the effects of such large changes in the imposed conditions 
are most clearly illustrated by making use of the concept of nominal oxygen content—introduced 
on proLl: 

In Fig. 284(b) is shown the nominal oxygen content corresponding to each curve in (a), the 
vertical (as well as the horizontal) scale being the same in each diagram. 'The effect of moving the 
outfalls is now manifest: the nominal oxygen content 10 miles below London Bridge rises from 
about — 240 per cent saturation with the outfalls in their existing positions, to about — 90 per cent 
on moving Northern Outfall alone, and to about —40 per cent with both outfalls moved. The 
corresponding nominal oxygen deficits are about 340, 190, and 140 per cent. 

As may be expected, moving one or both outfalls to 30 miles below London Bridge, causes a 
fall in the nominal oxygen content in the lower reaches of the estuary; the three curves cross at 
27 miles. Figure 284(a) shows that, when allowance is made for restricted nitrification and for 
denitrification, it is only with the outfalls in their existing positions that the nitrate reserves are 
calculated to be exhausted and the dissolved oxygen to fall to zero. Oxidation of the ammonia | 
which is assumed to accumulate in the reaches of low oxygen content is sufficient to bring closer 
together the seaward limbs of the three sag curves. | 

The corresponding calculated distributions of ammonia and oxidized nitrogen are plotted in 
Fig. 284(c) where the reserve of oxidized nitrogen (that is the minimum value occurring in the 
middle reaches) is seen to be raised from zero to } p.p.m. on moving Northern Outfall alone to 
30 miles below London Bridge, and to over 1 p.p.m. on moving both outfalls to this point. If these 
changes appear small, it should be remembered that under equilibrium conditions conversion of 
1 p.p.m. ammoniacal nitrogen to oxidized nitrogen requires 4-57 p.p.m. dissolved oxygen (p. 221), 
and that this corresponds to over 50 per cent saturation under summer conditions. 

Having discussed the curves of Fig. 284(a—-c) in detail, those in (d-f) may be more readily 
understood; the former sections of the figure refer to the average polluting loads discharged from 
all sources from the beginning of 1950 to the middle of 1955—that is before the first of the recent 
extensions to the L.C.C. works—and the latter to the predicted average loads for 1964—that is — 
after providing full treatment at Southern Outfall. 

In Fig. 284(d) the effect on the distribution of dissolved oxygen, produced by moving Northern 
Outfall alone, is seen to be slight, whereas the additional movement of Southern Outfall produces 
a marked improvement despite the smallness of the polluting load from Southern in comparison 
with that from Northern. The reason for this apparent discrepancy is made clear by the curves for 
the nominal oxygen content in Fig. 284(e). 

The distributions of ammoniacal nitrogen shown in Fig. 284(f) illustrate the large decrease 
in the content of ammoniacal nitrogen that would result from moving one or both outfalls. The 
changes in oxidized nitrogen require some discussion. Moving Northern Outfall alone increases 
the reserve of oxidized nitrogen in the middle reaches of the estuary; the reason for this is that most 
of the restriction on nitrification is removed when the nominal oxygen content rises above zero 
as it does in (e). However, when Southern Outfall also is moved to 30 miles below London Bridge, 
the oxidized-nitrogen content of the middle reaches is decreased; this is because a source of ammonia 
which, under the aerobic conditions brought about by the removal of Northern Outfall, is also a 
source of oxidized nitrogen, has been removed from this part of the estuary. 

Comparison of the dotted curves in Fig. 284(b) and (e) shows the effects of the improved 
treatment at the L.C.C. works and elsewhere between 1950-55 and 1964; when expressed in terms 
of the nominal oxygen content these effects are much more striking than when in terms of dissolved 
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Fic. 284. Calculated effects of moving points of discharge of L.C.C. sewage effluents to 30 miles below 

London Bridge, assuming all polluting loads as in 1950 to mid-1955 (a-c) or as predicted for 1964 (d-f) 

All curves relate to flow of 170 m.g.d. at Teddington, and average temperature of 22°C in reach extending 
25 miles seaward from London Bridge 

Dotted curves, with outfalls in existing positions; broken and continuous curves, with Northern, and with 
Northern and Southern, Outfalls moved 
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oxygen. Even if Northern Outfall only were moved to 30 miles below London Bridge, the recovery 
of the curve in the middle reaches shows that the discharges from the L.C.C. sewage works would 
then no longer be the major factor in determining the lowest value of the nominal oxygen content. 
Also, by comparing the broken and continuous curves in Fig. 284(a) or (b) with the dotted curves 
in (d) or (e), the effect that would have been produced by moving one or both outfalls instead of 
improving the treatment can be judged approximately; of course other improvements between 
the two periods have been taken into account and the effects of these are shown by the raising of the 
minimum of the continuous curve for nominal oxygen from about — 100 to — 20 per cent saturation. 


Outfalls 40 miles below London Bridge 


The curves in Fig. 285 correspond to those in Fig. 284 but show the effect of moving one or 
both outfalls to 40 instead of to 30 miles below London Bridge. The effects of such changes can be 
seen in the distribution of dissolved oxygen as well as in that of the nominal oxygen content since, 
particularly under the conditions predicted for 1964, the minimum nominal oxygen content is not 
much below zero. 

It must be pointed out that the results shown in Fig. 285(a) are very different from those 
previously published? when the condition of the lower reaches of the estuary was calculated to be 
very much better than is now shown. ‘There are several reasons for this difference: the earlier 
calculations (made in 1956) were for a flow of 500 instead of 170 m.g.d. at Teddington; the exchange 
coefficient assumed for summer conditions has been changed from 5-5 to 4-3 cm/h; the assumptions 
made about the places where deposition would occur if the outfalls were moved are different; 
and the estimate of the total oxygen demand of dredging spoil has been greatly changed since the 
earlier calculations were made—this change, which is the major source of discrepancy between 
the two calculations, was the result of the more detailed examination of bottom. deposits and 
dredging spoil in 1958-1960 (pp. 295-301 and 308-309) and, in particular, of a revision in the value 
taken for the specific gravity of the spoil following determination of this property (pp. 312-313). 

It is evident that the benefits to be obtained by moving the outfalls to 40 miles are very much 
greater than those obtained by moving them only to 30 miles below London Bridge. Comparison of 
Fig. 285(b) and (e) indicates that had one or both outfalls been moved to 40 miles, instead 
of additional treatment being provided at both outfalls, the condition of the estuary would have bee 
generally more satisfactory. 


PROVISION OF FULL TREATMENT AT NORTHERN OUTFALL 


It may be seen from Table 34 (p. 72) that in the three years following the completion of the recent 
improvements at Northern Outfall, only 45 per cent of the sewage arriving at the works received 
secondary treatment, the remainder being discharged as settled sewage. It is of interest to estimate — 
the effect on the condition of the estuary if the further extensions referred to at the bottom of p. 64 
were to be implemented. 

For the purpose of these calculations it is assumed that the effluent would consist of 35 m.g.d. 
from the old activated-sludge plant, with a B.O.D. of 61 p.p.m. and containing 1 p.p.m. oxidized 
nitrogen, and 190 m.g.d. from the new diffused-air plant, with a B.O.D. of 23 p.p.m.* and containing 
12 p.p.m. oxidized nitrogen—these figures being the average values for 1960-62 relating to the plant 
commissioned in 1959. The value of p in Equation 39 (p. 227) was taken to be 0-5. The loads, 
in tons/day, assumed for the calculation, compared with those estimated for 1964 (shown in 
parentheses) were B.O.D. 29 (110), U,, 95 (216), Ux. 79 (158), U 174 (374), Eo 65 (160), E 136 (306). © 
The loads from other sources were as discussed on p. 507. 

The continuous curve in Fig. 286(a) is that calculated for adverse summer conditions in 1964, 
and is thus the same as the continuous curve in Fig. 278(a) (p. 509). The broken curve shows the 
predicted distribution of dissolved oxygen if full secondary treatment were provided at Northern 
Outfall, and if the exchange coefficient for oxygen remained at the value of 4-3 cm/h assumed for 
the 1964 calculation. It is seen that the predicted length of the reaches of low oxygen content is 
reduced from 32 to 27 miles, and that there is a substantial increase in the oxygen content at all 
points on the seaward limb of the sag curve. In Fig. 286(b) is shown the nominal oxygen content 
corresponding to the curves in (a), the scales being the same in both diagrams. Use of the nominal 
oxygen content shows the substantial change predicted to accompany the reduction in polluting 
load, the nominal oxygen content 10 miles below London Bridge rising from —100 per cent to 
about — 25 per cent saturation. The position of the minimum in these terms is seen to move nearly 
10 miles upstream, indicating that discharges from the L.C.C. outfalls would cease to be the major 
factor determining the minimum oxygen content. 


* Results obtained subsequently by the L.C.C. suggest that nitrification had been occurring during the incubation 
period of the B.O.D. test and t ie the average carbonaceous B.O.D. was only about 7 p.p.m. in 1960-62. The carbonaceous ~ 
loads given in this paragrapH are therefore likely to be too large, and the predicted condition of the estuary should be 
rather better than the calculations indicate. 
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Fic. 285. Calculated effects of moving points of discharge of L.C.C. sewage effluents to 40 miles below 
London Bridge, assuming all polluting loads as in 1950 to mid-1955 (a—c) or as predicted for 1964 (d-f) 
All curves relate to flow of 170 m.g.d. at Teddington, and average temperature of 22°C in reach extending 
25 miles seaward from London Bridge 
Dotted curves, with outfalls in existing positions; broken and continuous curves, with Northern, and with 
Northern and Southern, Outfalls moved 
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Fic. 286. Predicted effects of full treatment at Northern Outfall on distributions of (a) dissolved 
oxygen, (b) nominal oxygen content, and (c) ammoniacal (Amm) and oxidized (Oxd) nitrogen 


Continuous curves, estimated conditions in 1964 (exchange coefficient 4-3 cm|h) 


Broken curves, estimated conditions in 1964 for full treatment at Northern Outfall 
(exchange coefficient 4-3 cm/h) 


Dotted curves, estimated conditions in 1964 for full treatment at Northern Outfall if value of exchange 
coefficient in estuary increased as result of reduction in concentrations of contaminants 
(exchange coefficient 5:1 cm/h) 


The predicted distribution of ammoniacal and oxidized nitrogen for the corresponding curves 
in Fig. 286(a) are shown in (c). The nitrate reserve is seen to be doubled. . 

The curves so far discussed were obtained using the exchange coefficient of 4-3 cm/h given in 
the last line of Table 180 (p. 502)—a value deduced for a period when the greater part of the dis- 
charges to the middle reaches of the estuary from the sewage works was in the form of settled sewage. 
It is to be expected that if the improvements assumed in this calculation were realized, the replace- 
ment of settled sewage by effluent from an activated-sludge plant would be accompanied by an 
increase in the exchange coefficient. Using the methods described on pp. 382-383 it was estimated 
that the appropriate value of the exchange coefficient would be 5-1 cm/h. The calculations were — 
repeated using this value, the results being shown by the dotted curves in Fig. 286. 


EFFECTS OF CHANGES IN MINIMUM FRESH-WATER FLOW 


It had been known for many years before the present investigation began that the condition of the 
water in the middle reaches of the estuary was worst at times of low fresh-water flow. One of the 
questions the Laboratory was asked specifically to consider was the extent to which nuisance in the 
middle reaches could be prevented by increasing the flow of the upper river during droughts. This 
could presumably be done by providing large regulating reservoirs in the Thames catchment, but 
the most practicable means appeared to be for the Metropolitan Water Board to stop abstracting 
water from the river above Teddington at times when the flow was very low. It was appreciated — 
that, if this were to be done, additional reservoir capacity would be necessary, and that this would be 
difficult and expensive to provide; the question was discussed in the Report? of the Pippard Committee 
—the Ministry of Housing and Local Government’s Departmental Committee on the Effects of 
Heated and other Effluents and Discharges on the Condition of the Tidal Reaches of the River Thames. 

So long as the lowest oxygen concentrations are found in the middle reaches, the effect of small 
changes in the minimugn fresh-water flow will be slight. In this part of the estuary the oxygen | 
content has been found to vary almost linearly with flow—except, of course, when the oxygen 
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content approaches zero; examples of the relation between these factors may be seen in Figs. 64 
(p. 126), 65 (p. 127), and 70 (p. 141). When the minimum oxygen content is above 5 per cent 
saturation—so that any complications arising from restricted nitrification and from denitrification 
are negligible—a change of 1000 m.g.d. in the flow at Teddington is accompanied by a change of 
only about 4 per cent saturation in the minimum oxygen content. An increase in the minimum flow, 
even by several hundred m.g.d., would therefore not bring about any substantial benefit in the 
most polluted reaches. 

Near the head of the estuary, however, the effects of small changes in fresh-water flow are 
appreciable. This may be seen from the calculated curves for flows of 170, 300, and 500 m.g.d. in the 
third quarter of 1964 shown in Fig. 280 (p. 512), and from the quarterly averages of the oxygen 
content at half-tide 10 miles above London Bridge, shown in Fig. 73 (p. 144). With conditions as 
they have been during the present century, when the fresh-water flow is small the oxygen content 
rapidly falls almost to zero from near saturation at Teddington. The landward limb of the sag curve 
under these conditions is so steep that its displacement by only a few miles, following an increase in 
flow, may raise the oxygen content at a particular point by a large amount. Thus, if the flow were 
raised from the Statutory Minimum of 170 m.g.d. to 440 m.g.d. (the increase of 270 m.g.d. being the 
average rate of abstraction by the Metropolitan Water Board in the third quarters of 1960-62) the 
oxygen content predicted for 1964, 10 miles above London Bridge at half-tide, would increase from 
22 to 60 per cent saturation. The corresponding change 5 miles above London Bridge would be 
from 5 to 20 per cent. Such increases in the minimum flow would therefore be highly beneficial over 
a short length of the estuary. 

For many years, conditions have been worst about 10 miles below London Bridge at half-tide 
at times of low flow (Fig. 71, p. 142), but if the points of discharge of the main L.C.C. effluents 
were to be moved to 40 miles below London Bridge (see p. 518), the part of the estuary with the 
lowest oxygen content would be upstream of London Bridge (Fig. 285(d), p. 519). As the effect of 
small changes in fresh-water flow is appreciably greater here than 10 miles below London Bridge, the 
effect of small increases in the minimum flow would then be more beneficial than under past or 
present conditions. 


EFFECTS OF TEMPERATURE 


The direct effects of changes in temperature on the condition of the water of the estuary were 
discussed in sections starting on pp. 146, 212, 219, 253, 261, and 372. Briefly, a rise in temperature 
is accompanied by an increase in the rates of oxidation and reaeration and by a fall in oxygen solu- 
bility. Seasonal variations in temperature are generally accompanied by changes in other relevant 
factors of which the most significant are believed to be the fresh-water flow, the surface disturbance 
of the water (as influenced by wind and wave), and the growth and decay of phytoplankton. In this 
chapter (unless otherwise stated) the seasonal variations in the exchange coefficient are taken into 
account (see Table 180, p. 502) thereby making empirical allowance for average seasonal variations in 
the surface disturbance and, to some extent, for the effects of phytoplankton. Effects of flow are 
always taken into account, each curve being for a particular value of the flow at Teddington. 

Two distinct effects of temperature are considered: that produced by a uniform change in 
temperature throughout the estuary and that produced by localized heating by, for instance, a 
discharge from an electricity-generating station. 


UNIFORM CHANGE IN TEMPERATURE 


The calculated distributions of dissolved oxygen in equilibrium with a fresh-water flow of 
500 m.g.d. and at temperatures from 74° to 224°C at intervals of 5 degC (the temperature being 
assumed constant throughout the estuary) are shown in Fig. 287(a). In deriving each curve, the 
polluting loads assumed were the averages estimated for 1951-54. The distributions of temperature 
and loads were thus the same as used in calculating the curves shown in the upper part of Fig. 269 
(p. 492). The exchange coefficient was assumed to be 5 cm/h at 15°C and to vary linearly with 
temperature, having a temperature coefficient of 1-6 per cent of the value at 15°C per degC (p. 373) 
and so changing by 0-4 cm/h per 5 degC; the calculations therefore refer to uniform changes in 
temperature of the same order of magnitude as the seasonal changes but without the accompaniment 
of the effects of other seasonal factors. (In Fig. 269, the exchange coefficient was 5 cm/h in each 
case.) It is seen that the effect of changes in temperature is appreciable; the calculated length of the 
reaches of low or zero oxygen content contracts from 34 to 24 miles as the temperature is lowered 
by 15 degC. 

As has been frequently stated in this Report, the distribution of dissolved oxygen is relatively 
insensitive to changes in the factors which influence it so long as nitrification is restricted or there is 
partial reduction of oxidized nitrogen. This point is illustrated again by Fig. 287(b) where the 
conditions of calculation are identical with those in (a) except that all the polluting loads have been 
reduced to 35 per cent of the values for 1951-54. The maximum effect of temperature is then seen 
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to occur at the sag-curve minimum, which has a value of 33 per cent saturation at 7$°C and only 
7 per cent saturation at 224°C. This buffering effect of the nitrification-denitrification reactions is 
shown further in Fig. 287(c) and (d) where the calculated distributions of ammoniacal and oxidized 
nitrogen corresponding to those of dissolved oxygen in (a) and (b) have been plotted; to avoid 
confusion, the curves for only the two extreme temperatures are shown. The absence of large changes 
in the dissolved oxygen in (a) is associated with large changes in the distribution of nitrogen com- 
pounds in (c), whereas the larger changes in the oxygen in (b) are associated with relatively small 
changes in the nitrogen in (d). 
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Fic, 287. Calculated effects of uniform changes in temperature on distributions of dissolved oxygen (a, b) 
and of ammoniacal (Amm) and oxidized (Oxd) nitrogen (c, d) with flow of 500 m.g.d. at Teddington 


(a) and (c) assuming average polluting loads for 1951-54, (b) and (d) with 35 per cent of these loads 
Exchange coefficient varying linearly with temperature from 4:4 cm/h at 7:5°C to 5:6 cm/h at 22:5°C 


HEATED DISCHARGES 


If the effect of heated discharges were sufficient to raise the temperature throughout the estuary 
by 5 degC, the corresponding effect on the distribution of dissolved oxygen would be of the magnitude 
shown by the differences between adjacent curves in Fig. 287(a) or, if all the polluting loads were 
reduced to 35 per cent, in (b). 


Net effect of temperature rise 


An estimate of the effect of heated discharges on the condition of the estuary during the third 
quarters of 1951-54 was made by calculating the distributions of dissolved oxygen and related 
factors, in equilibrium with the average flow of 400 m.g.d., for both the basic temperature (p. 446) 
and the observed temperature. The temperature distributions are shown in Fig. 288(a) where the 
continuous curve represénts the average observed temperature, obtained from measurements made 
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during the Laboratory’s weekly surveys between Southend and Putney, and from L.C.C. data for 
points upstream; the basic temperature is shown by the broken curve. The increase in temperature 
attributable to artificial heating is thus given by the difference between these two curves which is 
shown in (b). 
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Fic. 288. Calculated effect of discharge of heated effluents on distributions of (a and b) temperature, 
(c) dissolved oxygen, (d) nominal oxygen content, and (e) ammoniacal (Amm) and oxidized (Oxd) 
nitrogen during third quarters of 1951-54 


Flow at Teddington 400 m.g.d. 


Continuous curves, observed temperature (A) and related calculations; broken curves, basic 
temperature (B) and related calculations; Curve C, temperature rise, A minus B 


_ The calculated oxygen contents are plotted in Fig. 288(c) where the continuous curve relates to 

the observed temperature and the broken curve to the basic temperature. The distributions are not 
very different, there being no perceptible difference between the calculated lengths of the anaerobic 
reaches. . 
_ The nominal oxygen contents shown in Fig. 288(d) indicate that the effect of the temperature 
rise was not very great. The curves cross about 24 miles below London Bridge; crossing is to be 
expected since, at the higher temperature, the higher rates of oxidation result in a higher rate of 
utilization of oxygen in the vicinity of the discharge and consequently the escape of a smaller quantity 
of oxidizable material seaward. The distributions of ammoniacal and oxidized nitrogen in (e) show 
only small differences. 


Effect of individual discharges 


The effects have been calculated of the addition of heat at a rate of 5 x 10! Btu/day, 15 miles 
above London Bridge, at London Bridge, and 15 miles below, and at ten times as great a rate at 15 
and 30 miles below London Bridge, assuming adverse summer conditions in 1964. The smaller 
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of these two rates is roughly equivalent to the rate of rejection of heat from modern power stations 
(such as those at Belvedere or West Thurrock—Discharges G17 and G19 respectively in Fig. 48, 
p. 62) when generating 400 MW;; the capacity of Belvedere Power Station is 480 MW. 

The results for addition of 5 x 10! Btu/day, 15 miles above London Bridge, are shown by the 
broken curves in Fig. 289, where the continuous curves refer to conditions without the addition of 
heat. The effect of the added heat is seen to be small, the landward limb of the sag curve moving 
upstream by about a mile, although the maximum oxygen depletion (occurring 4 miles below the 
point of discharge) amounts to 10 per cent saturation. 
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Fic. 289. Calculated effects of addition of heat on distributions of (a) dissolved oxygen and (b) 
ammoniacal (Amm) and oxidized (Oxd) nitrogen, under adverse summer conditions in 1964 


Continuous curves, without added heat 
Broken curves, with 5 x 10'° Btu/day added 15 miles above London Bridge 
Dotted curves, with 5 x 1011 Btu/day added 30 miles below London Bridge 


Throughout the long reach of low oxygen content, assumed to be at 5 per cent saturation in these 
calculations (see pp. 459-462), there is little change in the content of oxidized nitrogen—furthermore 
there is no discernible effect on the seaward limb of the oxygen sag curve. In such calculations 
there is considerable difficulty in determining small changes: firstly because the methods of compu- 
tation give values only at intervals of 2 miles (see p. 415), and secondly because the calculated — 
oxygen curves which fall to 5 per cent saturation are obtained by a method of successive app 
mation (pp. 475-479) so that even the ‘final’ curves are not necessarily exact. 

The calculations showed that discharges of 5 x 101° Btu/day at London Bridge, and even 5 x 104 
Btu/day 15 miles below London Bridge, had no detectable effect on the oxygen content but, in the 
latter case, it was calculated that 10 per cent of the minimum concentration of 2 p.p.m. oxidized 
nitrogen would have been lost. The calculation for 5x 10" Btu/day discharged 30 miles below 
London Bridge showed the small effect indicated by the dotted curves in Fig. 289. 

Nevertheless, it cannot be concluded from these calculations that the effects of heated discharges 
to an estuary are generally negligible. If there is no oxygen in solution, and anaerobic decomposition 
of sulphate is occurring, the increase in temperature will accelerate this process (pp. 261-264), 
while, on the other hand, if the minimum oxygen content is above 5 per cent saturation the effect 
on the minimum dissolved oxygen, for a given temperature rise, may be appreciable. 

To illustrate this last point, the results of each calculation are shown in terms of the nominal 
oxygen content (defined on p. 511) in Fig. 290. In (a), (b), (e), and (f) are shown the calculated 
temperature rises that would be produced by addition of heat 15 miles above London Bridge, 
at London Bridge, and 15 and 30 miles below respectively; the dotted curves are for addition at a 
rate of 5 x 10!° and the broken curves for 5 x 1014 Btu/day. Each continuous curve in (c), (d), (g), 
and (h) shows the calculated distribution of nominal oxygen content under adverse summer 
conditions in 1964—the scales being shown on the left of the diagrams—and the dotted and broken 
curves indicate the effects of the temperature increases which are plotted immediately above each 
of these sections of the diagram. 

If the rates of discharge from all sources of pollution were reduced to 40 per cent of the values 
predicted for 1964, the maximum deficiency would in each case be less than 90 per cent saturation 
and the nominal oxygen content would then be the same as the dissolved-oxygen content. The scales 
to the right of the diagrams show the dissolved oxygen in these terms. Thus each oxygen curve 
may be considered to represent the calculated nominal oxygen content with the 1964 loads (left-hand 
scales), or the calculated dissolved-oxygen content with 40 per cent of these loads (right-hand scales). 
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Fic. 290. Calculated increases in temperature (a, b, e, f) due to discharges of heat at points indicated by 
vertical arrows and their effect on distribution of dissolved oxygen (c, d, g, h), under adverse summer 
conditions in 1964 


Continuous curves, without added heat; dotted curves, with 5 x 10'° Btu/day added; broken curves, with 5 x 10** 
Btu/day added 


Curve A described in text 


Oxygen curves read on the left-hand scale are those resulting from polluting loads predicted for 1964; the same 
curves read on the right-hand scale show the distributions of dissolved oxygen if the 1964 loads were reduced to 
40 per cent 


The calculated effects shown in Fig. 290 are fairly small considering the large temperature 
increases involved; the inputs of heat.at 0, 15, and 30 miles below London Bridge are seen to lower 
the minimum oxygen content, and in the first two cases to cause slight improvements some miles 
upstream—if substances are oxidized more rapidly in one place, less of the material from this 
place will reach more distant points unoxidized. 

Although these effects are comparatively small, there are two other factors which may influence 
the results. Firstly, in these calculations for conditions in 1964, the organic carbon in the reaches 
where the oxygen content is not low has been assumed to be mainly in the form oxidized at the 
slow rate, so that any effect of local heating is dispersed over a greater length of estuary than would 
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be the case if the organic carbon in these reaches originated in fresh discharges of crude or settled 
sewage. Secondly, there is considerable uncertainty in the temperature coefficient of the rate-constant 
for nitrification, and it is believed that the value adopted for this coefficient is somewhat too low 
(p. 503)—if a value of 9 per cent per degC is used, it is found that the dotted curve in Fig. 290(c) 
must be replaced by Curve A. Despite these reservations, it would appear that under existing con- 
ditions, the discharge of heat to the ‘Thames Estuary cannot be held responsible for more than a 
small amount of the existing oxygen deficit. 


EFFECTS OF SYNTHETIC DETERGENTS 


Experiments to determine the effects of synthetic detergents on the rate of reaeration were 
described on pp. 376-380, and the probable result of the widespread introduction of household 
packaged detergents around 1950 was discussed on pp. 385-387 and 499-500. It was estimated 
(p. 385) that if, in the third quarter of 1953, there had been no anionic surface-active matter in the 
estuary then the average exchange coefficient should have been higher by 19 per cent. Thus if 
surface-active matter in synthetic-detergent residues were no longer discharged to the estuary, 
the condition of the water would be expected to improve, the exchange coefficient in third quarters 
being increased from 4-3 to an estimated value of 5-1 cm/h. The effects this would have during 
adverse summer conditions in 1964 on the distributions of dissolved oxygen, and of ammoniacal 
and oxidized nitrogen are shown in Fig. 291(a) and (c). 
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Fic. 291. Predicted effects of removal of all detergent residues on distributions of (a) dissolved 
oxygen, (b) nominal oxygen content, and (c) ammoniacal (Amm) and oxidized (Oxd) nitrogen, under 
adverse summer conditions in 1964 ; 


Continuous curves, estimated conditions in 1964 (exchange coefficient 4-3 cm/h) 
Broken curves, estimated conditions in 1964 in absence of detergents (exchange coefficient 5-1 cm/h) 


Dotted curve, estimated conditions in 1964 with all polluting loads reduced by 114 per cent 
(exchange coefficient 4-3 cm/h) 


Once again, the effects of a change in the imposed conditions is seen more clearly by plotting 
in terms of the nominal oxygen content in Fig. 291(b). The effect of increasing the exchange 
coefhicient by 19 per cent, from 4-3 to 5:1 cm/h, is to decrease the maximum nominal oxygen 
deficiency by 114 per cent of its initial value. The dotted curve in the diagram shows the calculated 
curve for the same 1964 conditions, but in the presence of detergent residues and with each polluting - 
load reduced by 114 perf cent. 
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In terms of B.O.D. this reduction in load amounts to some 25 tons/day which is roughly equiva- 
lent to the B.O.D. load of the crude sewage from a domestic population of nearly half a million 
people. The same proportional reduction in load 10 years earlier would have been equivalent to 
some 50 tons/day. Nevertheless, it must be pointed out that the estimated reduction in the exchange 
coefficient attributable to the widespread use of detergents, was derived from data for 1953 and 1954. 
By 1964 the concentrations of sewage effluents, settled sewage, and detergent residues in the estuary 
will have changed substantially owing to improved treatment and to the use of more readily 
degradable household detergents. If the effects of sewage effluents and settled sewage on the rate 
of reaeration are reduced, the effect of a given detergent concentration will be greater (pp. 378-380), 
but the reduction in the exchange coefficient due to detergent residues may well be less if the 
detergent concentration in the estuary in 1964 were substantially less than in 1954. The effects of 
alterations in the exchange coefficient, caused by changes in concentrations of polluting substances 
have been examined only in the discussion on p. 520. In general, the cleaner the estuary the higher 
will be the exchange coefficient; consequently, the improvements in treatment between 1954 and 
1964 may increase the exchange coefficient and the condition of the estuary may be rather better 
than calculated on pp. 507-513, and, conversely, the deterioration that would occur if the polluting 
loads were later to increase substantially (pp. 529-531) may have been somewhat underestimated. 


MINIMUM CHANGES REQUIRED FOR PASSAGE OF MIGRATORY FISH 


It was suggested in the Pippard Report? that once the estuary had been brought to a state in 
which conditions were never offensive and there was a certain margin of safety, there could be little 
practical value in improving its condition further, unless taken to the point where migratory fish, 
particularly salmon, were able to pass through the estuary to and from the upper river. The minimum 
- conditions in which a salmon fishery could be maintained are unknown, but it was suggested, 
by the Chief Officer for Salmon and Freshwater Fisheries of the Ministry of Agriculture, Fisheries 
and Food, that the minimum requirement would be that the oxygen content during the months of 
April and May (when salmon smolts normally migrate to the sea) should not fall below 30 per cent 
of the saturation value in nine years out of ten. 

In its Report the Pippard Committee gave a tentative list of improvements in treatment of 
polluting discharges which it was then thought might be necessary to achieve this condition. 
The list, which was prepared at the Laboratory in 1958, was drawn up after making preliminary 
calculations, at a time when the most satisfactory way of making them was still being developed, 
and when experimental work was still in progress to try to determine the best values to adopt for 
rates of oxidation of the different types of polluting matter concerned. Thus all that could be done 
at that time was to attempt to estimate very roughly what would be necessary if it were desired to 
re-establish a salmon fishery. 

These calculations have recently been repeated, and indicate that the increased treatment of 
effluents which would be necessary is considerably less than was at first thought. ‘The chief reasons 
for this are: 

1. The apparent oxygen exchange coefficient from April to June is higher than the average 
for the year; the quantity is referred to as an ‘apparent coefficient’ because it includes 
the effect of photosynthetic production of oxygen which occurs particularly at this time 
of the year, and which it has not been found possible to consider as a separate term. 


2. Determinations of the rate of oxidation of biologically treated sewage effluents have 
shown that this is lower than the corresponding rate for settled sewage. It is believed that 
this is also the case in the estuary. 


The average flow from the Upper Thames in April and May exceeds 400 m.g.d. in nine years 
out of ten and the average temperature of the water at this season, and with this flow, is about 15°C. 
In Fig. 280 (p. 512) was shown the predicted distribution of dissolved oxygen in the second quarter 
(April to June) of 1964 for a flow of 400 m.g.d. at Teddington, and with an average temperature 
of 16:8°C; this curve is reproduced as Curve A in Fig. 292. Curve B is the predicted distribution 
of dissolved oxygen for the same flow and temperature, but with full secondary treatment being 
given at Northern Outfall (p. 518); the minimum oxygen content is 11 per cent saturation, thus 
indicating the need for further reductions in the polluting loads before the requirements for a 
fishery would be achieved. | 

If it were desired to raise the oxygen level to the required minimum value, there would, of course, 
be some choice in deciding which effluents were to be improved in quality. This would involve 
questions of policy with which this Report is not concerned; nevertheless for the purpose of the 
calculation it is necessary to select effluents, in the right part of the estuary, and responsible for 
sufficiently large polluting loads to allow the required improvement to be made by reducing their 
strength to an extent technically practicable. By trial and error the following hypothetical changes 


528 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


have been made and it is then calculated that the distribution of oxygen through the estuary under 
the conditions stated would be as given by Curve C in Fig. 292: 


(a) The B.O.D. of the efHuent from both sewage works of the L.C.C. and from those at 
Dagenham and West Kent, to be 20 p.p.m., and 10 per cent of the inorganic nitrogen in 
the effluents to be present as nitrate. 


(b) Direct discharge of strong storm sewage from Acton to be discontinued. 


(c) Cooling-water from Battersea and Bankside Power Stations to be aerated to eliminate the 
discharge of sulphite and of any oxygen-depleted water. 
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Fic. 292. Calculated distributions of dissolved oxygen in equilibrium 
with Teddington flow of (A-C) 400 m.g.d. in April-June and (D) 
170 m.g.d. in July-September 


Curve A, with polluting loads predicted for 1964 
Curve B, as for curve A but with full secondary treatment at Northern Outfall 
Curves C and D, as for Curve A but with certain polluting loads decreased as listed in text 


As has been indicated, no significance should be attributed to the effluents chosen in these 
calculations except only that it is clear that to produce the required large improvement in the estuary 
some reduction would have to be made in existing large sources of pollution. For example it is 
calculated that the requirements for a fishery could not be met without substantial reduction in the 
load at present discharged from the Northern Outfall Works of the L.C.C., even if this were the 
only source of pollution reaching the estuary. 

The polluting loads corresponding to Curve C in Fig. 292 could still cause part of the estuary 
to be nearly anaerobic over many miles in the summer; Curve D is the calculated distribution of 
dissolved oxygen for the adverse summer conditions used throughout this chapter. The minimum 
nominal oxygen content corresponding to Curve D is about —25 per cent saturation, so that to 
permit the passage of migratory fish it might not be necessary for the minimum value of the nominal 
oxygen content to be raised even to zero under adverse summer conditions. 

However, even if the average minimum oxygen content in April and May were 30 per cent 
saturation, there would probably be many days during these months when the minimum oxygen 
content was substantially lower than the quarterly average value, owing to fluctuations in such 
factors as the fresh-water flow and the exchange coefficient for oxygen. Consequently, rather 
greater reductions in the polluting loads would be advisable if the restoration, of the Thames to a 
salmon river were to be attempted. 

Little work has been carried out to determine whether the water of the estuary is directly 
toxic to fish. ''wo trials were made with rainbow trout (12-13 cm long) kept in samples of water 
taken at Putney and Woolwich—half-tide positions 12 miles above and 13 miles below London 
Bridge respectively—on 6th May 1963. The samples were stirred to keep solids in suspension, 
and continuously aerated to maintain an adequate concentration of dissolved oxygen. The pH value 
was maintained at approximately the initial value by adding a small proportion of carbon dioxide 
to the air supplied to the aquaria. The fish were transferred daily to further sub-samples of the 
estuary water, so as to avoid environmental changes due to accumulation of metabolic products in the 
aquaria. A control test/in clean borehole water was made concurrently. . 
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In the 11 days of the experiments no fish died in the Putney sample; one of the ten fish died after 
8 days in the Woolwich sample and one after 10 days in the control aquarium. 

These tests indicate that at the time of collecting the samples the water would not have been 
lethal to fish provided its content of dissolved oxygen were sufficiently high. The sample of water 
from Putney contained 1-7 p.p.m. ammoniacal nitrogen and that from Woolwich 3-9 p.p.m.; 
each contained 0-3 p.p.m. monohydric phenols and less than 0-005 p.p.m. cyanide. Experiments 
at the Laboratory show that to produce a 50 per cent mortality within one or two days, about 
32 p.p.m. ammoniacal nitrogen, 4-5 p.p.m. monohydric phenols, or 0-07—0-1 p.p.m. cyanide would 
be required. These limited experiments thus provide no evidence for the presence of large con- 
centrations of materials which would be toxic to migratory fish, and suggest that if the oxygen content 
were high enough during April and May then the estuary would no longer constitute a barrier to fish. 
However, should a fishery ever be contemplated it would, of course, be advisable to carry out 
more detailed toxicity tests. 


POSSIBLE EFFECTS OF INCREASES IN WATER USAGE 


In recent years the flow of sewage arriving at the L.C.C. sewage works has increased markedly. 
The changes in the flow arriving at Northern and Southern Outfalls in each year from 1956 to 1962 
were examined in Fig. 52 (p. 70); after making approximate allowance for the variations in the yearly 
averages associated with variations in the yearly rainfall totals, it was estimated that the average 
yearly increase in the total dry-weather flow during this period was about 6:9 m.g.d., or about 
2-5 per cent of the overall average dry-weather flow. In Table 42 (p. 82), it is seen that from 
1950-53 to 1960-62 the total flow of sewage effluents discharged direct to the estuary is estimated 
to have increased from 428 to 489 m.g.d.—equivalent to a yearly increase of 6:4 m.g.d., or 1-4 per 
cent of the mean value. This proportional increase is the same as the predicted increase* in water 
demand in the Thames and London hydrometric area between 1955 and 1965; the predicted yearly 
rise in water consumption per head during the same period, in the London and South Eastern 
areas, is 0-7 per cent. 

Even if the strength of the crude sewage were to fall to the same extent as the flow rose—so that 
the B.O.D. load received by the sewage works was unchanged—it is to be expected that the polluting 
load discharged to the estuary would increase, since efficiency of treatment in works of a given size 
tends to decrease with increasing flow; if the strength of the incoming sewage remained constant, 
the load discharged would increase more rapidly than the volume discharged. The strength of the 
crude sewage arriving at Northern Outfall has decreased in recent years, and that at Southern 
Outfall has increased (see Table 34, p. 72, and ‘Table 36, p. 74, respectively); the total load received 
at the two works has increased slightly owing to the increased flow. If any additional flow arriving at 
works such as those at the Northern Outfall, where secondary treatment is given to only part of the 
flow, were to be discharged as settled sewage, and if these trends in flow were to continue over a 
sufficient number of years, the time would come when the recent improvements at the major 
sewage works would have been offset by the effect of the increase in flow. It is therefore of interest 
to calculate how the condition would change if the flow were to increase by a certain amount, using 
different assumptions concerning the treatment provided. 

In Fig. 293(a) and (c), Curves A show the calculated distributions of dissolved oxygen and 
oxidized nitrogen for a flow of 170 m.g.d. at Teddington in the summer of 1964. If the flow of all 
the sewage effluents discharged to the estuary were to increase by 40 per cent from the values 
estimated for 1964, and if there were no change in the quality of the effluents, the calculated 
distributions would be those shown in the same diagrams by Curves B. This situation would mean, 
in effect, that if the strength of the crude sewage were unaltered, the purification plant at each 
sewage works would have to be enlarged by 40 per cent. If, however, the additional flow were 
discharged as settled sewage and there were no change in the composition of the crude sewage, 
the calculated distributions would be those shown by Curves C. In contrast, if the efuents from 
all those sewage works which are expected to discharge effluents with a B.O.D. greater than 
20 p.p.m. in 1964 were to be improved to give this B.O.D. when the flow increased by 40 per cent, 
the distributions would be as shown by Curves D. 

In Fig. 293(b) and (d), the Curves C and D—the extreme curves at (a) and (c)—are compared 
with the average distributions obtaining in 1950-59 (Curves E) and, in (b) only, with the distribution 
of dissolved oxygen in 1920-29 (Curve F). It is seen by comparison of Curves C and E that, if the 
sewage flow were to increase by 40 per cent, and the additional flow were discharged as settled 
sewage, the distribution of dissolved oxygen seaward of London Bridge would be similar to that 
obtaining in 1950-59 when the estuary was in the worst condition reached during the present 
century; upstream of London Bridge conditions would be appreciably worse. The differences 
between the observed and predicted conditions, shown by Curves C and E, in the 30 miles down- 
stream of London Bridge are comparable with the discrepancies between the observed and calculated 
distributions for individual three-monthly periods in Figs. 260-263 (pp. 481-484). Comparison of 
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Curves D and F shows that, even if the whole of the sewage flow were discharged with a B.O.D. 
not exceeding 20 p.p.m., the calculated condition of the estuary would still be inferior to that 


observed in 1920-29. 
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Fic. 293. Predicted effects of increasing, by 40 per cent of the expected 1964 values, the flow of sewage arriving 
at all sewage works discharging direct to estuary, under adverse summer conditions 


Curves A, all polluting loads as in 1964 


Curves B-D, all sewage flows increased by 40 per cent; Curve B, no change in composition of effluents; Curve C, the 
additional flow being discharged as settled sewage; Curve D, the whole flow being discharged with B.O.D. not exceeding 
20 p.p.m. 
Corresponding observed conditions; Curves E, in 1950-59; Curves F, in 1920-29 


In making these calculations it was assumed that all the other discharges to the estuary 
(including the fresh-water discharges, many of which are polluted by sewage effluents) contributed the 
same polluting loads as estimated for 1964. If all the sewage effluents were to be improved to such 
an extent that the B.O.D. of those assumed to be greater than 20 p.p.m. in 1964 were reduced to 
this value, these other loads—of which the effects under adverse summer conditions in 1964 are ' 
shown in Fig. 279 (p. 510)—would become relatively more important. A particular instance of this 
is the storm sewage discharged from the L.C.C. system. The estimated B.O.D. load of 8-7 tons/day 
discharged in storm sewage in 1952 (Table 46, p. 88) is equivalent to less than 2 per cent of the 
average B.O.D. load of the crude sewage arriving at the L.C.C. works in 1949-1954, and to rather 
more than 3 per cent of the average B.O.D. load discharged as sewage effluent from these works 
during the same period. With the recent improvements in treatment at these works, the same load 
of storm sewage is equivalent to over 44 per cent of the loads discharged from these sewage works 
in 1960-62, and to nearly 7 per cent of the loads estimated for 1964. However, supposing both works 
were extended to give effluents with an average B.O.D. of 20 p.p.m., then, with the flows obtaining 
in 1949-1954, the storm sewage discharged would have a B.O.D. load equivalent to a third of that 
discharged from the L.C,C. sewage outfalls. Furthermore, if the sewage flow were to increase by 
40 per cent and no changes were made to the sewerage system, it is reasonable to suppose that the 
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discharge of storm sewage would also increase; even if the sewage effluents were purified to give a 
B.O.D. of 20 p.p.m., the storm sewage might well contribute a B.O.D. load of about a quarter of that 
discharged in the sewage effluents. It should be pointed out that, for the purpose of this discussion, 
attention has been confined to the B.O.D.; the U.O.D./B.O.D. ratio and the rate of oxidation of the 
storm sewage will differ appreciably from those for a sewage efHuent with a B.O.D. of 20 p.p.m. 
Also, the effect of a given load of storm sewage is likely to be more deleterious than that of the same 
load from the sewage works owing to the positions at which these various discharges occur. 

Although it cannot be foreseen for how long the present trends in water consumption will 
continue, it may be noted that, if the total sewage flow continued to rise by 6:4 m.g.d./year, it would 
increase by 40 per cent from 1964 to 1996; if, on the other hand, the annual proportional rise were 
to be as great as the 2-5 per cent (of the 1959 value) found from Fig. 52 (p. 70), the increase of 
40 per cent would be reached by 1982. 


It should be emphasized, in concluding this account, that there must be a considerable measure 
of uncertainty in predicting the effects of such large changes in the condition of the estuary as have 
been envisaged. Indeed, the greater the change, the greater the uncertainty regarding it. Big 
improvements in the quality of effluents, or at least of sewage effluents, can be made only by applying 
biological treatment and it is the considerable change in the rate of oxidation of the material 
discharged—which requires much further study both under laboratory and field conditions—that is 
one of the major sources of uncertainty. A great improvement in the condition of the estuary might 
also bring about a major change in the rate of deposition (and subsequent removal by dredging) 
of organic matter, and the effect of this cannot be forecast with any certainty at the present time. 
Future work on estuaries will no doubt gradually resolve these difficulties; one useful extension of 
the range of conditions under which predictions can be checked by observation is expected to occur 
in 1964 when the biological treatment plant of the Southern Outfall Works of the L.C.C. is in 
full operation. 
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CHAPTERS 


Application of Results of Survey 


The extent to which new polluting discharges to the Thames Estuary should be permitted, or to 
which polluting loads already being discharged should be reduced or allowed to increase, is clearly 
the concern of the Managing Authority. The information and techniques discussed in previous 
chapters of this Report provide a basis for a more quantitative approach to the problem of manage- 
ment than has hitherto been possible—in that the results of making changes in polluting loads can 
now be predicted with some confidence before the changes are made. In this final chapter a simplified 
method of assessing the effects of individual sources of pollution is discussed and a few examples 
of the type of problem which might arise are described. 

The investigation of the Thames Estuary was based on experience gained in the earlier surveys 
of the estuaries of the Tees and Mersey and in subsequent studies of fresh-water streams. During the 
past few years the Laboratory has discussed similar problems with the authorities concerned with 
pollution in some six other British estuaries and continues to assist in investigation of the Humber 
system. Since many of the principles discussed in this chapter will be applicable to other studies of 
estuarine pollution, it may be of value to discuss, briefly and in general terms, the essential stages 
of such an investigation, but to confine attention to the Thames when considering quantitatively the 
effects of pollution. 


NATURE OF ESTUARINE INVESTIGATIONS 


The content of dissolved oxygen is often the most important property of a polluted estuary, 
either because—as in the Thames—zero values have led to offensive conditions, or because it has 
been lowered to the point where the estuary is no longer able to support fish, or because it is approach- 
ing the level at which either of these conditions will occur. 

The principal stages of an investigation are the accumulation of data on the condition of the 
water, the assessment of polluting loads entering the system, and the estimation of the effects of 
particular sources of pollution. In the Thames, and no doubt in other estuaries, the condition of the. 
water cannot be related to the polluting discharges unless detailed records of fresh-water flow are 
also available. 


EXAMINATION OF CONDITION OF AN ESTUARY 


The London County Council’s records of the condition of the Thames are probably unique in 
their coverage of an estuary over such a long period. Samples have been collected at fixed positions 
throughout a large part of the length of the estuary, and the results of their examination have given a 
clear picture of the changes which have occurred in the condition of the water during recent decades; 
an essential stage in this examination was the allowance made for variations in fresh-water flow. For 
the past few years the data have been averaged at the Laboratory at the end of each three-monthly 
period, and the results have been compared with the corresponding averages for earlier periods. If this — 
practice is continued it will enable the Managing Authority to keep the situation continually under 
review. 

In any programme of surveying an estuary where control of polluting discharges is likely to 
become necessary, regularity and continuity of sampling (and examination of the samples with as 
little change in analytical technique as possible) will always be of first importance. The prog 
of sampling should be carefully considered after an initial intensive survey. 

Collection of data on a scale comparable with that adopted by the L.C.C. for the Thames must 
involve a great deal of work and careful organization, and in the seaward reaches of an estuary is 
liable to be restricted by bad weather. In the survey made by the Laboratory in 1951-54 it was found 
desirable to carry out as many of the analyses as possible on the surveying vessel; for constituents such 
as sulphides and inorganic nitrogenous compounds, the concentrations of which may change — 
rapidly after sampling, this was considered essential. 

When the Laboratory’s survey was made, methods of recording constituents of water auto- 
matically and continuously had not come into general use, but since that time there has been some 
rapid progress: it is now possible to record salinity by a conductimetric method, dissolved-oxygen 
concentration by means of solid-electrode polarography, and suspended solids by light-scattering 
devices. hese and similar advances should make the task of surveying large bodies of water much ~ 
less laborious than it has been in the past. 
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PROPERTIES TO BE EXAMINED 


It is assumed, in the present discussion, that the most important property of estuary water is its 
content of dissolved oxygen; salinity and temperature are also required for determining the per- 
centage saturation of dissolved oxygen. ‘The other properties of most interest are likely to be the 
contents of ammoniacal and oxidized nitrogen; when the oxygen content approaches zero, the 
oxidized nitrogen is a measure of the reserve capacity that will prevent offensive conditions. 

In surveying an estuary which has become anaerobic, or which may become so, it is necessary to 
determine the concentration of sulphide; this, if sufficiently high, will give rise to a nuisance. 
Experience in the Thames survey has shown that in order to follow the course of events when water is 
anaerobic, it is necessary to determine both soluble and insoluble sulphide. Mud commonly 
contains insoluble ferrous sulphide and this may be eroded from the bottom and carried in suspension 
in water which is not itself anaerobic. Nuisance arises when the concentration of sulphide is so 
high that the water also contains soluble sulphide, since it is then that hydrogen sulphide may be 
liberated to the air. 

Apart from insoluble sulphide, none of the properties so far mentioned is materially affected by 
the concentration of suspended matter, and in an estuary such as the Thames, which is only slightly 
stratified, samples taken in the main stream at a suitable depth may often be considered representative 
of the whole cross-section at the sampling point. he content of suspended solids may normally be 
expected to vary not only along the length of an estuary, but also over its cross-section (particularly 
with depth) and, in addition, to vary with time: the concentration is affected by the velocity of the 
water, which in turn is dependent on the tidal state, the type and range of tide, and—at any rate in 
the upper reaches—on the fresh-water flow. It is thus likely to be impracticable to obtain representa- 
tive figures for the concentration of suspended solids throughout an estuary without using a large 
number of automatic recorders. The content of suspended solids may also be markedly affected by 
temperature; for the Humber, the British Transport Docks Board Research Station found that, 
for any particular value of the land-water flow, the solids content was highest during the winter!. 
Properties such as the B.O.D. of estuary water will depend largely on the concentration of 
suspended matter in particular samples, and for this reason the observed B.O.D. figures for the 
Thames have been of very little value in the present investigation. 


INTERPRETATION. OF RESULTS 


Tidal movements complicate the interpretation of results of estuarine surveys; it is advisable that 
all samples be taken at the same state of tide, or that some adjustment be made so that the results 
of analyses of samples taken at different tidal states may be compared directly. The latter method 
has been employed in the present Report where, almost throughout, the distributions of properties 
are expressed as those which, it is estimated, would exist at half-tide. The method of making this 
adjustment was discussed on pp. 6-9. 

In other estuaries similar methods can be employed. When only a few detailed surveys are made, 
a less elaborate method (which nevertheless requires frequent fixed-point sampling over a complete 
tidal cycle) can be used—this has been done successfully in an investigation of the Humber (see p. 9). 


ASSESSMENT OF POLLUTING LOADS 


Because an estuary is generally deeper than the rivers feeding it, changes in the composition of 
its water are comparatively slow and they may thus be readily followed; for example, in all but the 
upper reaches of the Thames Estuary the condition of the water usually changes little from one 
week to the next, and the diurnal variations (apart from those associated with the tidal oscillation) 
are small. It may be more difficult to obtain a true picture of the most important factor involved in the 
management of estuaries—that is the discharge of polluting liquids. Certainly this was the case for 
the Thames Estuary, where, although satisfactory information was available on discharges from most 
of the larger sewage works, there was considerable uncertainty about the composition and flow of 
effluents from some of these, as well as from many of the smaller works and from industrial premises. 

For sewage works discharging effluents to fresh-water rivers, it is usual to require that the con- 
centration of polluting matter (expressed often by the B.O.D. and content of suspended solids) 
should not exceed a certain figure. A knowledge of both flow and concentration of polluting matter is 
important—particularly for effluents discharged to the upper reaches of an estuary—but what is 
usually of chief importance in the lower reaches is the total weight of oxidizable matter discharged 
per day. There is often a good deal of difficulty in assessing this total load. It obviously includes 
any storm sewage passing over relief weirs; this may sometimes be considerable, though it is un- 
common to find any equipment installed for measuring the flow or to find any record of the composi- 
tion. Storm sewage is discharged from towns which have combined sewerage systems and where this 
is so there is likely to be also a considerable variation, with rainfall, in the volume of sewage treated 
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at the works. By no means all works have an accurate means of continuously gauging the flow 
treated and—as was the case for some works discharging to the Thames—it is then difficult to 
arrive at the true load of oxidizable matter discharged. Another difficulty may be (as it was with the 
Thames) that some sewage works provide secondary treatment for only part of the sewage received, 
the remainder being discharged as settled sewage. Although reliable figures may be available for 
the effuent from that part which is treated, there is often much less information on the part which is 
not, though this may be a substantial fraction of the total load. 

In the Thames Estuary, the proportion of the total polluting load contributed by direct discharges 
of industrial effluents is small. Some information was available about these effluents—and this was 
supplemented by surveys made by the Laboratory—but the polluting loads which they represented 
were known with less accuracy than could have been wished. Although the quality of a sewage 
efHuent may change from time to time, the population from which the sewage derives is likely to 
change comparatively slowly. The volume and character of industrial wastes, however, may vary 
much more frequently and widely over a period of years as works are extended and manufacturing 
processes altered, and it is clear that if it is desired to study changes in the condition of an estuary 
in relation to changes in intensity of pollution, frequent examination of the volume and character 
of industrial effluents is necessary. I'he same is true of polluted tributaries discharging to an estuary— 
another source of pollution on which the records for the Thames were meagre. 


B.O.D: LOAD 


The effect of discharges to the lower reaches of an estuary can often be assessed from a knowledge ~ 
of the total weight of oxidizable matter (or the total weight of B.O.D.) entering daily. In some 
circumstances, however, the concentration of B.O.D. in the discharge is also important. In previous 
chapters, where an attempt has been made to assess the effects of existing individual discharges on 
the condition of the Thames Estuary, the question has been dealt with in two stages by considering 
separately the effect of the water brought in by a discharge, and the effect of the total weight of 
oxidizable matter contributed by it daily. This necessarily involves lengthy calculations, but in 
arriving at an approximate prediction of the effect likely to be caused by a proposed new effluent the 
dilution produced by the discharge could often be neglected. 

In considering pollution by oxidizable material in any body of surface water, what is usually 
important is not so much the total oxygen consumption as the maximum oxygen depletion produced. 
If an effluent is discharged to a polluted fresh-water stream flowing in one direction, and the effluent 
and stream have the same composition, then the total weight of oxidizable material will have been 
increased, but the rate of oxidation in the water will not have been altered. Whether, in these 
circumstances, there will be a change in the maximum oxygen depletion below the point of discharge, 
or in the position of the maximum, will be influenced by such factors as the effect of the new effluent 
on deposition of organic matter, and by the depth and velocity of the stream—which in turn will 
affect the exchange coefficient. 

In an estuary of the same general type as the Thames (which progressively widens towards the 
sea), the more nearly the head of the estuary is approached, the more nearly does the flow of the 
water resemble that of a fresh-water river and the more rapidly does anything discharged to it move 
seaward. In the ‘Thames, the greater the flow of the upper river—which may be regarded as a large 
efHuent having a small biochemical oxygen demand—the better becomes the condition of the estuary 
as a whole. It seems clear that if an effluent having the same B.O.D. as that of the upper river 
were to be discharged to the estuary near Teddington, the greater its volume the greater benefit it 
would give, though the total weight of oxidizable matter discharged would have been increased. 
It is unlikely that it would be proposed to discharge very strong effluents to this part of the estuary; 
any sewage, for example, would almost certainly have received biological treatment. The B.O.D. of 
such an effluent, though likely to be significantly higher than that of the water of the Upper Thames, 
would nevertheless be nearer to that of a polluted river than to that of a crude sewage, and it would 
then be necessary to consider not only the weight of oxidizable matter discharged, but the volume of 
liquid in which it is contained (see paragraph starting at foot of p. 538). Without detailed calculation 
it is impossible to say what the effect would be of discharging to the ‘seaward reaches of the estuary 
an efHuent having a lower B.O.D. than the water at the point of discharge. 

It need hardly be said that no benefit arises from pumping water from an estuary, mixing it 
with a strong polluting liquid, and returning it (a method of disposal at one time adopted for a 
waste discharged to the Thames)—except perhaps where a highly toxic effluent is discharged to an 
estuary containing fish, in which case dilution of the effluent before discharge would lower the 
toxicity in the immediate vicinity of the outfall. 

In the lower reaches of an estuary many of the effluents are likely to contain much higher con- 
centrations of oxidizable matter than the receiving water. Where this is so, no great error will arise 
from neglecting the confribution made by the effluent to the total flow and for practical purposes it 
is sufficient to consider only the total weight of oxidizable matter discharged per day. In assessing 
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a polluting load this weight can seldom be determined directly, but must be obtained from a know- 
ledge of the volume and composition of the waste. It is now generally accepted that both these 
quantities are of equal importance though in the past there was often a tendency to be content with 
much less reliable information about the flow than about the concentration of a constituent, or about 
some index of polluting strength such as the B.O.D. 

If the B.O.D. of a discharge is B p.p.m. and the flow is O m.g.d., then the B.O.D. load L, in 
tons/day, is given by 

L oe 


RELATIVE IMPORTANCE OF DIFFERENT DISCHARGES 


A preliminary investigation may be expected to show which of the sources of pollution are 
likely to be the most important, and those which may be neglected in the subsequent calculations. 
In Table 182 are listed, in descending order, the nine sources of organic pollution of the Thames 
Estuary which, it is estimated, will be responsible for the greatest degree of oxygen depletion in 1964, 
under the adverse summer conditions defined on pp. 507-508; the effects of flue-gas washing at 
Battersea and Bankside Power Stations are considered separately on pp. 562-564. The point of 
entry of each discharge (or group of discharges in the case of storm sewage entering from the L.C.C. 
system), the estimated polluting load, and the calculated maximum oxygen depletion that each 
discharge would cause in the absence of all other sources, are also shown. The polluting load is 
first estimated in terms of the B.O.D. in tons/day; it is seen that this alone is of little value in 
assessing the effect of a particular discharge. Thus the maximum oxygen depletion attributable 
to the load of 4 tons/day from Mogden is calculated to be 42 per cent saturation, while a load of 
20 tons/day from West Kent is responsible for a depletion of only 11 per cent saturation. The 
discharge from West Kent enters the estuary some 34 miles seaward of that from Mogden (the 
importance of the point of discharge is illustrated in Figs. 294-296, pp. 539, 554, and 555). The 
calculated maximum depletion of 128 per cent saturation for Northern Outfall could not, of course, 
be realized; it is considered, however, that this nominal depletion expresses the effect of the discharge 
more clearly than the true calculated deficiency of 95 per cent which would apply over some 10 miles 
of the estuary (see Fig. 279, p. 510). 


Table 182. Major sources of organic pollution causing oxygen depletion of Thames Estuary under adverse 
summer conditions in 1964 


Polluting loads as assumed on p. 507 


E* is defined by Equation 53 (p. 246) 











Maximum oxygen 
depletion attributable 
: Polluting load to discharge in 
P oint of (tons /day) absence of all other 
discharge, pollution (per cent 
Source of pollution b miles saturation) 
ie aN an in terms of as found from 
London Bridge 
* detailed Equation 

BO Da E calculations Pag 
Northern Outfall Sewage Works +11 110 | 321 128 126 
Mogden Sewage Works —15 4 39 42 — 
Southern Outfall Sewage Works +14 17 115 38 39 
Storm sewage |; —9to +9 9 21 17 24 
Acton sewage —10 5 | 12 16 — 
West Kent Sewage Works +19 20 a 11 12 
River Wandle / a | 2 9 | 9 = 
Upper Thames —19 | 3 10 8 — 
Dagenham Sewage Works | +15 | 10 | 24 | 8 8 

| | | 











Even when account is taken of the point of discharge, the B.O.D. load is an incomplete measure 
of the polluting load. The polluting load used in the detailed calculation of each maximum oxygen 
depletion is in terms of the effective oxygen demand £, given by Equation 42 (p. 228), but for the 
majority of discharges this is given approximately by E* as defined by Equation 53 (p. 246). 

Downstream of London Bridge, the fresh-water flow of 170 m.g.d. (to which the table refers), 
together with the other land-water discharges, produces a seaward displacement which is small in 
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comparison with the effect of tidal mixing. Furthermore, the tidal excursion is roughly constant 
(Fig. 7, p. 10) so that it is reasonable to expect that dividing the £* load by the cross-sectional 
area at the point of discharge will give a ratio that is roughly proportional to the maximum oxygen 
depletion attributable to the discharge. If the E* load (that is QE*/224, where Q is the rate of 
discharge in m.g.d.) is denoted by L* tons/day, the maximum oxygen depletion (D), as found from 
the detailed calculations, is then given approximately by 


* 

Deeg o per cent saturation, (271) 
where A is the cross-sectional area of the estuary (in thousand square feet) at the mean tidal level 
(Fig. 1(c), p. 5) at the point of discharge. Using this equation, and the loads shown in Table 182, 
the depletions in the final column of the table are obtained. Four of the five calculations are for 
discharges entering between 10 and 20 miles below London Bridge. That Equation 271 is still 
applicable further downstream is indicated by considering the discharge from ‘Tilbury Sewage 
Works, 27 miles below London Bridge; detailed calculation gives a maximum oxygen depletion of 
1-3 per cent saturation whereas this equation gives 1-6 per cent. 

Equation 271 refers to discharges in the lower part of the Thames Estuary where the movement 
of the water is mainly oscillatory, and where in consequence any discharged material accumulates 
to an equilibrium concentration that depends not only on its rate of entry but also on the rate at 
which it is oxidized and the rate at which it is dispersed by tidal and fresh-water movement. The 
equation is not applicable to the upper reaches where the land-water displacement is very much 
greater and the accumulation of oxidizable material is correspondingly less; for instance if it is 
applied to the discharge from Mogden it leads to a value of D (the maximum oxygen depletion) 
of over 300 per cent saturation, a figure very much greater than that found by detailed calculation 
and shown in Table 182. It has not been found possible to give any general guidance on a simple 
method of estimating the effect of discharges in the upper reaches of an estuary without making a 
detailed study of tidal mixing and other factors. 

An equation of the same type may well hold for the middle and lower reaches of other estuaries 
where the cross-sectional area varies in roughly the same manner as in the Thames. Equation 271 
includes a numerical factor of 19 which might be different for different estuaries, although in those 
with roughly the same tidal excursion, longitudinal mixing, and depth as the Thames it may well 
be that the factor is not greatly different. | 

It is thus possible that, in the absence of other information, Equation 271 as it stands would | 
give a useful indication of the probable effect of a particular discharge. 


OTHER MEASURES._OF POLLUTING COA 


The B.O.D. test is simple to carry out, but it is not one which is fully relevant to the effects 
of pollution (Chapters 8 and 9). The methods finally adopted in the present survey (Chapters 9 
and 15) require details of the contents of organic carbon, organic nitrogen, ammonia, and oxidized 
nitrogen, and of the oxygen deficiency entering from each source of pollution. In order to represent 
the whole course of oxidation with sufficient accuracy, but without introducing too many parameters, 
both organic carbon and organic nitrogen are sub-divided into three components, the first being 
considered to be oxidized in the case of carbon (and hydrolysed in that of nitrogen) at the standard 
or ‘fast’ rate given by Equation 23 (p. 214), the second at the ‘slow’ (or a fifth of the standard) rate, 
and the third to be biologically stable. It was considered that by these means the best approximation 
could be made to the whole course of oxidation of polluting matter. 

For sewage efHuents, or settled sewages of domestic origin—and even for settled sewages 
containing appreciable quantities of many types of trade waste—it is possible, and probably 
sufficiently accurate, to estimate most of these terms from the B.O.D. by comparison with the 
results given in Chapter 9. Normally, analyses of a sewage or sewage effluent would include 
determinations of suspended solids and of ammonia, and (for effluents) of nitrate. The relations given’ 
in Chapter 9 do not take concentration of suspended solids into account, though it is possible that 
insoluble organic matter is oxidized at a different rate from soluble; it is clearly undesirable to 
introduce too many complications, and it has been assumed that the range of samples on which the 
average relations were based contained a representative range of concentration of suspended matter. 
In the determinations of B.O.D. made by the Laboratory, nitrification was not usually found to 
occur during the five days of incubation. If it does occur the most satisfactory method which can 
be suggested for overcoming this complication is to incubate duplicate samples, to one of which a 
substance has been added to inhibit nitrification; thiourea and allylthiourea are two substances 
which appear to stop the oxidation of ammonia without affecting significantly the rate of carbonaceous 
oxidation. However, the effect of these compounds has not yet been fully investigated. 

Exceptional discharggs (such as the Action sewage and some trade effluents) require different 
methods of assessment, of which the most satisfactory would appear to be to determine directly 
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the rate of uptake of oxygen over a long period, preferably at least a month, in a respirometer—or 
possibly with a series of samples incubated for different periods under the conditions of the B.O.D. 
test. Here again, if nitrification occurred, allowance would have to be made for it, or it would have 
to be inhibited in parallel tests. For exceptional liquids of this kind, as much information as can 
conveniently be collected is desirable; for example B.O.D., organic carbon, organic nitrogen, 
ammonia, suspended solids, and dissolved oxygen should certainly be determined. 

The difficulty in obtaining sufficiently detailed information about industrial discharges, because 
of their variability in flow and composition, has already been mentioned. Another type of discharge 
which cannot be assessed adequately from examination of occasional samples is cooling-water 
drawn from the estuary and contaminated by a trade effluent in such a way that it is not possible 
to obtain samples of the polluting matter directly. The cooling-water may be retained for a long 
time in the works, and meanwhile the composition of the estuary water at the inlet may change 
considerably. An accurate assessment of the polluting load can then be made only by detailed surveys, 
preferably extending over a working day, and taking account of variations in the cooling-water flow 
and of the period of retention in the works. 


THE ROLE OF NITROGEN COMPOUNDS 


Whereas the addition of oxidizable organic carbon to a river or estuarine system must always 
be detrimental to the oxygen resources, the effects of organic or inorganic nitrogen compounds 
cannot be stated so simply. The two most important of these compounds are nitrates and ammonia. 
The effect of organic nitrogen is generally similar to that of ammonia. Nitrite is not normally 
discharged in any great quantity in waste waters, though sewage effluents may contain small 
concentrations of it; in its behaviour in an estuary nitrite is intermediate between ammonia and 
nitrate, depending on whether it is oxidized or reduced after discharge. 


NITRATE 


There is no reason to suppose that discharge of nitrate to an estuary can, in any circumstances, 
be detrimental to the oxygen resources. Whether it will be beneficial or will have no effect will 
depend on the degree of oxygenation of the estuary. 

If the concentration of dissolved oxygen nowhere falls below about 20 per cent saturation, 
no significant quantities of nitrate will be reduced in the water, and any nitrate discharged will then 
behave as an inert substance—except in so far as it may be used as a source of nitrogen by 
phytoplankton and other organisms. Some denitrification may occur, however, in bottom deposits 
(pp. 254-255). There is evidence of denitrification by bottom deposits in the Thames Estuary 
but the extent of it is uncertain, nor is it known how the quantity reduced in either the water or 
the mud is related to the concentration of nitrate available in the water—although recent work? in 
fresh-water streams indicates that the rate of reduction in mud is roughly proportional to the 
concentration in the water. 

When the concentration of dissolved oxygen falls to about 10 per cent saturation, reduction of 
nitrate in the water becomes detectable (pp. 249-252) and the rate of reduction increases as the oxygen 
content continues to fall; in the calculations discussed in this Report it has been assumed, as an 
approximation, that reduction of nitrate does not occur when the oxygen content is above 5 per cent 
saturation, and that the oxygen content does not fall below this value until all the available 
nitrate has been reduced (p. 421). When circumstances favour reduction, nitrate becomes very 
important and the greater the amount of it discharged to an estuary the greater will be the resources 
available to prevent the establishment of offensive conditions. Sulphide does not generally occur in 
the water until the whole of the nitrate available at that place has been utilized. 


AMMONIA 


Discharge of ammonia to an estuary can in some circumstances be beneficial to the oxygen 
resources, and in others detrimental. If there is sufficient dissolved oxygen for there to be no 
restriction on the rate of nitrification (p. 460) and for no denitrification to occur in the water, the effect 
of oxidizable nitrogen is similar to that of organic carbon. One ton of ammoniacal nitrogen requires 
4-57 tons of oxygen for complete nitrification in a system at equilibrium (see pp. 221-222), compared 
with about 2-67 tons needed to oxidize 1 ton of organic carbon to carbon dioxide; also, oxidation 
of ammonia proceeds to completion, but in most types of polluting discharge not all the organic 
carbon is readily oxidized. If the concentration of dissolved oxygen were being maintained at a 
relatively high level—as for example to allow passage of fish—the effect of the discharge of oxidizable 
nitrogen would thus be even more deleterious than that of the discharge of the same weight of 
organic carbon. 
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If the oxygen content falls to about 5 per cent saturation, the effect of discharge of ammonia to 
an estuary will depend on the point of entry. If the discharge is to reaches of low oxygen content, 
then the greater the quantity of ammoniacal nitrogen discharged, the longer will become the region 
in which the low level of oxygen will prevail. Addition of ammonia, however, will not by itself 
cause the oxygen content to fall to zero and in the calculations in this Report it has been assumed, 
as an approximation, that it will remain at 5 per cent saturation. On the other hand, ammonia 
discharged to an estuary well outside the reaches of low oxygen content may, on balance, be beneficial. 
Oxidation of the ammonia will lower the oxygen content of the water outside these reaches but 
some of the nitrate formed by the oxidation will reach the most polluted parts; it will then add to 
the oxygen resources in the most critical region (see also p. 515). 


EFFECTS OF UNIT POLLUTING LOADS 


It was shown on pp. 411-413 that the total effect of a number of sources of pollution acting 
together is the sum of the effects of each acting alone, provided that the rate of destruction of the 
polluting substance can be considered to be proportional to its concentration. When this ‘effect’ 
is a lowering of the oxygen content, the oxygen deficiencies caused by individual discharges can 
be added to give the oxygen deficiency which they would cause acting together—so long as their 
sum does not exceed 95 per cent of the solubility of oxygen (Assumption 2, p. 421)—and it follows 
that the oxygen deficiencies caused by a removal of oxygen from the water or by a discharge 
deficient in oxygen can be similarly added. 

Suppose that there were only three sources of pollution, that the points of discharge were close 
together, and that each discharge in the absence of the other two would, at its point of maximum 
effect, produce an oxygen deficiency of 45 per cent saturation. 

If two of these discharges were in operation, the maximum deficiency would be 90 per cent 
saturation. However, if all three were operating, the calculated deficiency would not be 135 per cent, 
since this corresponds to a negative concentration of dissolved oxygen; the oxygen content would, 
in fact, by the methods of calculation used in Chapters 17 and 18, be either 5 per cent or zero— 
depending on whether or not the concentration of oxidized nitrogen anywhere fell to zero. Although 
each of the first two discharges reduced the oxygen content by 45 per cent saturation, and the third 
by only 5 or 10 per cent, it cannot reasonably be argued that the third discharge was any less 
detrimental to the condition of the estuary than were the other two. 


It is thus of considerable value to calculate the effects of individual discharges acting in the 


absence of all other sources of pollution, and it is clearly necessary to consider separately the effects 
produced by different constituents of each discharge. ‘The substances that have been considered are 
organic carbon, organic nitrogen, and ammonia. Each of the two organic substances has been 
subdivided into ‘fast’ and ‘slow’ constituents. 

The effects produced by the addition of oxygen to, or its removal from, the estuary have also been 
calculated—the former might be produced by direct aeration of the estuary or by aeration of a 
cooling-water discharge, and the latter by the discharge of sulphite from a power station where the 
flue gases are washed; for convenience of comparison with the effects of polluting discharges the 
results will be given in terms of an addition of oxygen deficiency. The concentrations of a conservative 
substance due to a single discharge have also been calculated (see pp. 563-564). 

If the oxygen deficiency in the water of the estuary were everywhere less than 95 per cent, and 
if, for example, it were proposed to improve the quality of a discharge from a sewage works, without 
altering the flow from the works, these results could be applied to predict the improvement in the 
condition of the estuary. 

In calculating the effects of individual discharges, it is necessary to know, or to assume a value 
for, the total land-water flow at each point in the estuary—this is required for calculating the dis- 
placement due to this flow (see pp. 415-417). These effects were calculated assuming the total 
land-water flow to be the same as in the presence of all other polluting discharges under the conditions 
of the calculations; for instance, the calculations to be described later are made for four values of 
the flow at ‘Teddington, and the land-water flow at each point in the estuary has been taken as that 
appropriate to these flows in the way described on p. 463. Strictly speaking, these calculations for 
the effect of a single source of pollution therefore assume that all the other existing sources were 
present but were discharging unpolluted water saturated with dissolved oxygen. Thus, if a new 
discharge into the estuary, or the removal of an existing discharge, were proposed, the changes in 
the condition of the estuary water could not be predicted with complete accuracy from these results; 
there would be additional effects due to the change in flow altering the seaward displacement below 
the point of entry and the dilution at the point of entry. However, if the change in flow were small 
compared with the total land-water flow above the point of entry, the changes in the seaward 
displacement would be small, and these results could be applied to predicting the condition of the 
estuary without significantyerror. It is only in the case of large proportional changes in the discharges 
to the upper reaches (where a change might represent a considerable part of the total land-water 
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flow), or of very large changes in the discharges from the L.C.C. sewage works to the middle reaches 
of the estuary, that the error introduced is likely to be significant—as, for example, in the calculations 
relating to the increase in flow from major sewage works by 40 per cent from the value expected 
in 1964 (pp. 529-531) and those concerning alteration of the point of discharge from the L.C.C. 
works (pp. 515-518). Even comparatively large changes in the land-water flow to the middle and 
lower reaches will lead to very small errors in the results, since in these parts of the estuary the sea- 
ward movement of the material discharged is mainly the result of tidal mixing, the land-water 
displacement being relatively unimportant. 

The various calculations have been carried out for four values of the flow at Teddington, namely 
170, 500, 1500, and 3000 m.g.d., and corresponding flows from tributaries and discharges into the 
estuary, the displacements and dilutions used in the calculations being those for the pattern of flows 
into the estuary in recent years. In each calculation it is assumed that there is a single source of 
pollution. The temperature has been considered constant throughout the estuary and temperatures 
of 22°, 20°, 15°, and 10°C have been taken to correspond to the four flows. The exchange coefficient 
was taken as 5 cm/h in all cases. For each of the substances causing an oxygen deficiency the unit 
load was 10 tons oxygen-equivalent per day; this quantity corresponds to 3-74 tons organic carbon 
per day, 2-19 tons oxidizable nitrogen per day, or (of course) 10 tons oxygen deficiency per day. 
The unit amount of the conservative substance was 10 tons/day. 

Some examples of the distributions obtained in this way (but adjusted as described in the next 
paragraph) are given in Fig. 294 where each curve shows the calculated depletion of oxygen produced 
in the estuary water by the addition, at various points, of 10 tons/day of oxygen deficiency. It is 
seen that, in general, the concentration cannot be considered to be a linear function of distance over 
the interval of 2 miles between the points at which the values of each function were calculated; 
consequently there may be appreciable errors in the matrix equations developed in Chapter 15 which 
were derived on the assumption that the various functions were approximately linear. Had a larger 
computer been used the interval would have been made less than 2 miles (see p. 480). 
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Fic. 294. Calculated oxygen depletion caused by discharge of 10 tons oxygen deficiency per 
day at certain points in estuary (distances, in miles from London Bridge, shown against curves), 
with flow of 170 m.g.d. at Teddington and uniform temperature of 22°C 


If each computed curve had been perfectly accurate, the integral, over the length of the estuary, 
of the product of the calculated oxygen depletion with the exchange coefficient and the width of the 
estuary, when added to the rate of loss of oxygen deficiency or unsatisfied oxygen demand through 
the seaward boundary, should have been equal to 10 tons/day. ‘The difference between these two 
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terms is thus a measure of the total error in the computed curves. (For a conservative substance there 
is only the loss through the seaward boundary to consider.) In 106 of the total of 188 calculations 
the error did not exceed 5 per cent; in 60 cases it lay between 5 and 10 per cent; and in the remaining 
22 cases the error was greater than 10 per cent. In each case, the ordinates of the calculated curve 
were multiplied by a factor so as to give the correct total for the integral referred to above, and it is 
the adjusted distributions that are shown in Fig. 294. Although this procedure cannot be expected 
to eliminate the errors entirely, it is considered that the correction is adequate. 

In the course of deriving this correction it was necessary to calculate the proportions of each 
polluting substance escaping unchanged to the sea, and, in the case of added oxygen deficiency, the 
proportion escaping without being destroyed by solution of oxygen from the air. Since the same 
rate-constants are used for both organic carbon and organic nitrogen, the calculated proportions of 
‘fast’? organic carbon and ‘fast’ nitrogen escaping must be identical—and the same applies to the 
‘slow’ components. Taking the seaward end of the estuary as 50 miles below London Bridge, the 
calculated proportions which escape are those shown in ‘Table 183; as is to be expected, they increase 
as the point of discharge moves towards the sea, and are greater for substances which are destroyed 
more slowly. Considering the average time of retention in the estuary, the proportions of material 
escaping unoxidized after discharge to the upper reaches are surprisingly large. This is because a 
substantial part of the material escapes in a much smaller time than the average. 


Table 183. Percentages of added substances lost unchanged from estuary 50 miles below London 
Bridge by land-water displacement and tidal mixing 


Flow at Teddington (m.g.d.) shown at head of each column 














‘Fast’ organic ‘Slow’ organic : : 
Position of entry carbon or nitrogen carbon or nitrogen Ammoma Oxygen deficiency 
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London Bridge) 
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0 0:08} 0-2 | 1:1 | 4-7 |11 16 30 | 46 | 2:6} 3-8 | 7-8 | 15 | 0:6 | 0-9 | 2-0 | 4:0 
5 below 0-2; — }—}—}] — | — | — | — | 3-7) — | — | — 5.172) — | — | — 
Oe ae 0-4 | 0-6 | 2-0 | 6-2 /16 20 34 PU ip Sed lh |e als) 17° | 2:2") 2°52 8 9 Roe 
See, 0-8 — | — | — | 75} — | — | — ] 3-2) — | eH 
yy 1:4 | 2:0 | 4-4 |10 24 28 | 40 aya) IC 12 16 23 | 4-6 |. 5:1 | 6:8 | 983 
oy rs Ae 2-4); — |} — |} — | — | — | — |] — 113 — | — | — J 7-2 }.— | — | — 
30nar | 5-0 | 6-2 | — | — 435 40 | — | — |19 21 — | — |10 11 —|]|— 
3 ae ae 11 — | — | — | — | — | — | — 330 — | — | — /|18 —}—}]— 
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The full results of all the calculations of the effects of unit loads discharged to the estuary at 
various points for four values of flow at Teddington are shown in Tables 184-190. Oxygen depletions 
—which occur in all but the last of these tables—are expressed in per cent saturation. The solubility 
of oxygen (see pp. 349-351) varies not only with temperature but also with salinity, and hence with 
fresh-water flow and position in the estuary. Concentrations of a conservative substance (Table 190) 
are expressed in p.p.m. 

The application of these results is discussed on pp. 556-564. 


EFFECT OF POINT OF DISCHARGE AND TYPE OF SUBSTAN 


If the figures for each column of Tables 184-189 are plotted against distance along the estuary, 
the maximum oxygen depletion can be read from the resulting graph. The maximum depletions 
plotted against the position of entry of the discharge are shown in Fig. 295 for a flow of 170 m.g.d. 
at ‘Teddington and a temperature of 22°C. The effects of changes in the point of entry and in type of 
substance discharged can be clearly seen; for instance, the addition, 1 mile above London Bridge, 
of ‘slow’ carbon with an oxygen-equivalent of 10 tons/day produces a maximum oxygen depletion 
of 5 per cent saturation, whereas the addition of ‘fast’ carbon at the same rate and at the same point 
gives a corresponding maximum depletion of 10 per cent saturation. If these two substances are 
discharged at the same rate 30 miles below London Bridge, the maximum depletions which they 
cause are 0-8 and 1-4 per cent, respectively. 

f 
[Text continues on p. 554] 
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Table 186. Calculated oxygen depletion (per cent saturation) due to discharge of ammon 
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Table 190. Calculated concentration (p.p.m.) resulting from discharge of conservative substance at rate of 10 tons/day 
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Fic. 295. Effect of point of discharge on calculated maximum oxygen depletion caused by 
discharge of different substances with oxygen-equivalent of 10 tons/day, with flow of 170 m.g.d. at 
Teddington and uniform temperature of 22°C 


MANAGEMENT OF THE THAMES ESTUARY 


EFFECTS OF CHANGES IN POLLUTING LOAD 


In previous chapters the extent of agreement between the predicted and observed effects of 
changes in conditions affecting the Thames Estuary was discussed. Within the limits of error 
found, it is possible to estimate what changes in the degree of oxygenation of the estuary water 
would occur if the polluting load discharged from an existing source were altered, or if a new source 
of pollution were introduced; the methods proposed, and some examples of calculations, are given 
in the following pages. 

There are two ways of proceeding—by making simple calculations using Tables 184-189 
(pp. 541-552) or by making more elaborate calculations with the aid of an electronic computer. 
In the majority of cases arising in the control of pollution, the former method may well be adequate, 
and it is generally preferable to make the simpler calculation before deciding whether it is necessary 
to make the more elaborate one. 

Tables 184-189 make it possible to calculate the change in oxygen distribution following any 
alteration in polluting load. The most suitable calculations to make are likely to be those which 
refer to adverse summer conditions and it is for these conditions that the most detailed information 
is given. It may be noted that the exchange coefficient adopted is the estimated mean value of 
5 cm/h, whereas the value finally adopted for adverse summer conditions was 4-3 cm/h. It is 
probable that with the reduction in polluting loads between 1950-1961 and 1964, together with 
the reduction in the amount of detergent residues present in the estuary, the exchange coefficient 
will have risen somewhat above 4:3 cm/h and the use of the tables based on 5 cm/h probably 
introduces no great error. 

Before a calculation can be made, the flow and composition of the discharge must be known. 
For a normal sewage or sewage effluent a knowledge of the flow, B.O.D., and degree of nitrification 
achieved during treatment, is likely to be adequate for many calculations, but, as has been mentioned, 
for an effluent containing a large proportion of trade wastes it may be necessary to carry out 
experiments before it is possible to decide on the values to be assigned to the concentrations of such 
constituents as ‘fast’ and ‘slow’ organic carbon and nitrogen. 

No account is taken of the effects of the deposition of organic material, it being assumed that all 
the oxidizable matter behaves as though it were in solution. No satisfactory way is known of esti- 
mating the effects of suspended matter if this behaves very differently from dissolved substances. 
If, in a new discharge, a large proportion of the oxidizable material is insoluble, the oxygen 
depletion which it will cause may be smaller than that predicted, but the depletion would certainly 
be greatly umder-estimated if it were assumed that suspended solids settled to the bottom of the 
estuary and thereafter took no part in the oxygen balance, since material is constantly being eroded 
from the bottom, and redeposited, under tidal action. On the other hand, if the settled solids 
continued to exert a large oxygen demand on the overlying water, the local oxygen depletion would 
be much greater than predicted; this is not uncommon in shallow fresh-water streams ©: *°. 

Calculations of this sort give only the change in oxygen content attributable to the change in 
polluting load in the absence of all other sources of pollution. When appropriate, this change may 
be combined with the cajculated distribution for the nominal oxygen content in 1964 shown in 
Fig. 284(e) (p. 517), and will then show what change in distribution is expected. 
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It is assumed, in considering a change in polluting load, that the total land-water flow past 
any point in the estuary is not affected by the change. The effect of introducing new water to the 
estuary, in amounts sufficient to cause a significant change in seaward movement, has already 
been discussed (pp. 538-539). 

For most changes in polluting load it is probably sufficient to calculate the change in oxygen 
content by means of Tables 184-189. Thus, if the maximum oxygen depletion attributable to a 
proposed new discharge were found to be less than about 5 per cent saturation there would be no 
point in carrying out the more elaborate calculations. Also, in many cases the changes in the 
distribution of dissolved oxygen, following even a substantial alteration in the polluting load dis- 
charged to the middle reaches, are likely to be small since the initial calculated oxygen content is 
5 per cent saturation (see curve for 1964 in Fig. 278(a), p. 509); in such conditions the change in 
oxygen content will be calculated as a small movement of the point at which the seaward limb of the 
sag curve starts to rise. he change in nominal oxygen content (which is given approximately by 
means of ‘Tables 184-189) is then a more satisfactory indication of the effect of a change in polluting 
load than is the change in dissolved oxygen. This may be seen, for example, from Fig. 284(d and e) 
(p. 517) where a change of over 100 per cent saturation in the nominal oxygen content is associated 
with only small changes in the actual distribution of dissolved oxygen. 


EFFECT OF SEASONAL CHANGES IN FRESH-WATER 
FLOW AND TEMPERATURE 


Those responsible for the future management of the estuary will presumably be mainly concerned 
with the most adverse conditions when the flow is low and the temperature high. In the previous 
chapter the conditions chiefly considered were a flow of 170 m.g.d. and an average temperature 
of 22°C, but it is of interest to examine the changes in oxygen content which are caused by seasonal 
changes in flow and temperature. 

In Fig. 296(a) are shown the oxygen depletions attributable to an input, 10 miles above London 
Bridge, of ‘fast’ organic carbon with an oxygen-equivalent of 10 tons/day when the flow at 
Teddington is 170, 500, 1500, and 3000 m.g.d., and the corresponding temperatures are 22°, 20°, 
15°, and 10°C, respectively. In Fig. 296(b) the corresponding depletions for the same discharge 
entering the estuary 20 miles below London Bridge are shown with an enlarged vertical scale. 
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Fic. 296. Effect of changes in temperature and fresh-water flow on calculated distribution of oxygen 
depletion caused by discharge of ‘fast’ organic carbon with oxygen-equivalent of 10 tons/day at (a) 10 miles 
above, and (b) 20 miles below, London Bridge 


Points of entry shown by broken lines 
Flow at Teddington (m.g.d.) and temperature (°C, constant throughout estuary) shown against each curve 


In each diagram, the differences between the curves represent the combined effects of the changes 
in flow and temperature which are seen to be more marked for the landward of the two discharges: 
the highest flow is nearly 18 times the lowest; the ratio of the maximum oxygen depletion caused 
by the input 10 miles above London Bridge at the lowest flow to that at the highest is about 94; and 
the corresponding ratio for the input 20 miles below London Bridge is only about 23. 
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EFFECT OF DISCHARGING AN EFFLUENT AT A PARTICULAR 
SLA TR OrerTipe 


If sufficient storage capacity were available, effluent might be stored for some periods of the tidal 
cycle and discharged only at others. The question has sometimes been raised as to what would 
be the result of discharging an effluent only on the flood tide, on the ebb tide, around high water, 
or around low water. 

No detailed calculations have been made since the approximate result can be readily obtained 
from the data given in Tables 184-189. If the discharge were to occur only from high water to low, 
or from low water to high, the effect would be substantially the same as discharging over the whole 
tidal cycle, since the discharge would be to essentially the same body of water. If the effluent were 
discharged only at slack high water, or at slack low water, the effect would be almost the same as if 
the point of discharge were moved to the position at which the water off the outfall at slack water 
would be at half-tide and if the effluent were discharged there throughout the tidal cycle. The 
effective distance by which the point of input would be moved can be found from Fig. 5 (p. 7). 
Thus, if an effluent were to be discharged 10 miles below London Bridge at slack low water, the 
effective point of entry would be about 54 miles below London Bridge—as may be seen by drawing 
a horizontal line in Fig. 5 from where the lower curve meets the ordinate for 10 miles below London 
Bridge to join the centre curve; similarly, if it were discharged only at slack high water, the equivalent 
position would be about 13 miles below London Bridge. The effects of such changes can be readily 
determined by means of ‘Tables 184-189; the maximum change would be rather less than 5 miles 


and hence rather less than the difference between adjacent columns in those tables where the points 


of discharge are shown at 5-mile intervals. 

There might also be other particular effects of discharging during only part of the tidal cycle. 
It is conceivable that discharging on only the ebb tide or the flood tide would affect the pattern of 
deposition of any settleable solids discharged, and if the whole of the discharge took place at slack 
water there might be pronounced local pollution before the effluent was dispersed by mixing during 
the run of the tide. These possible effects are not calculable by the methods that have been used 
in this Report. 


APPLICATION OF TABLES OF EFFECTS OF UNIT POLLUTING LOA 


The application of the oxygen-depletion curves, calculated for unit polluting loads and listed 


in Tables 184-189 (pp. 541-552), may be illustrated by estimating the effect of a hypothetical new 


discharge at a particular point in the estuary; other applications such as estimating the combined 
effect of a number of sources of pollution on the estuary, or the effect of changes in the composition, 
volume, or point of entry of an existing discharge, are variants of the same basic procedures. 


Method of interpolation 


The oxygen depletions due to unit loads have been calculated for points at fixed intervals along 
the length of the estuary; clearly, if it is desired to calculate the effect of a particular discharge at one 
of these points, the required result is obtained by scaling the values given in the appropriate columns 
of Tables 184-189 to the required load. More commonly, however, the required position will lie 
between two points for which unit curves have been calculated. Interpolation between curves drawn 
as in Fig. 294 (p. 539) would clearly prove difficult, but the difficulty can be overcome by plotting the 
results as in Fig. 297 which shows the oxygen depletion at half-tide due to the unit loads of ‘fast’ car- 
bon with an oxygen demand of 10 tons/day (given by ‘Table 184) for a flow of 170 m.g.d. at Tedding- 
ton, plotted against the point of input of the load for positions at 2-mile intervals along the estuary. 
Thus to estimate the effect produced at any point in the estuary by a discharge at a known position, 
a line is drawn parallel to the oxygen-depletion axis to intersect the point-of-input axis at the required 
position. ‘The oxygen depletions denoted by the intersection of this line with the interpolation curves 
give the required values of oxygen depletion for a load of 10 tons/day. For convenience Fig. 297 is 
drawn in two sections giving the interpolation curves from 16 miles above to 14 miles below London 
Bridge and for seawards from the latter point. Similar diagrams can be drawn for the oxygen 
depletion due to ammoniacal and organic nitrogen and for inputs of oxygen deficiency. 


Example 1 


Suppose that there were to be a discharge of settled sewage, with a B:O.D. of 200 p.p.m. and a 
flow of 4-7 m.g.d., entering the estuary 3-5 miles below London Bridge. The problem is to estimate 
the oxygen depletion that this discharge would produce if the oxygen content of the water, after addi- 
tion of the discharge, nowhere fell to 5 per cent saturation. 

The first step is to express the polluting load in terms of the ultimate and effective demands of 
the various constituents. An practice, of course, the ammonia content would be determined, and 
additional analyses could readily provide figures for the contents of organic carbon and nitrogen, 
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and of dissolved oxygen. For the purpose of this example, the values assumed will be those most 
typical of samples of settled sewage (mainly from the Northern and Southern Outfall Works of 
the L.C.C.) which were examined during the investigation and which had a B.O.D. of about 200 
p.p.m. Thus it will be assumed that the content of organic carbon in this settled sewage is 127 p.p.m. 
(from Equation 45, p. 229), the oxidizable nitrogen 49 p.p.m. (from Equation 46), the organic 
nitrogen 14 p.p.m. (from Equation 51, p. 235), and the ammoniacal nitrogen 35 p.p.m. (by difference). 
It is also assumed that, for a settled sewage of this quality, the proportions of ‘slow’ organic carbon 
and nitrogen may be neglected, so that p in Equation 39 (p. 227) will be zero. Finally, it is assumed 
that the sewage is virtually anaerobic, the deficiency of dissolved oxygen being taken as 8.5 p.p.m. 
The assumptions are thus as follows: 


Rate of discharge, Oe 4-7 m.g.d. 
B.O.D., B= 2007 9.0.10. 
Organic carbon, OEP ir eee an 
Oxidizable nitrogen, IN aged) 5 P.p.m. 
Ammoniacal, Ne ee ..0n. 
Organic, Nee = lt p-p.m. 
Oxygen deficiency eo: Sp p-p:1). 
Proportion of ‘slow’ organic constituents, ae 


The next stage is to calculate the various oxygen equivalents of the carbon and nitrogen terms. 


Thus: 
Organic carbon 


Ultimate, Un = 2-6/6 = 339' p.p.m. (Equation 25, p. 216) 
Effective, Hei [2455.7 290) p.pam: (Equation 40, p. 227) 
Ammoniacal nitrogen, ee Ne 100 pp. ne. (Equation 33, p. 221) 


Organic nitrogen 
Ultimate, Coe =A “ops =04 0.0.11. (Equation 33, p. 221) 


Effective, Forge = VorgHo/Ug = 55 p.p.m. (Equation 41, p. 227) 


org 
To convert to terms of load, these demands must be multiplied by the flow of 4-7 m.g.d. and 
divided by 224 to express the results in tons/day. Each oxygen depletion given in Tables 184-189 
is for a load of 10 tons/day, so the various loads must be divided by this quantity to express them as 
multiples of these unit loads. The factor to convert from terms of concentration to those of unit 


loads thus becomes 4-7/(224 x 10), or 0-0021, and the particular loads become: 


‘Fast’ organic carbon, 0-00212, = 0-61 Unit 
Ammoniacal nitrogen, U,0021 Us, = 0°34 Unit 
‘Fast’ organic nitrogen, 0-0021F,,, = 0-12 Unit 
Oxygen deficiency, 0:0021.% 38-5 = 0-02 Unit. 


The next stage is to interpolate between the columns for 0 and 5 miles below London Bridge 
in Tables 184, 186, 187, and 189 (pp. 541-551) under the headings for a flow of 170 m.g.d. at 
Teddington, and to multiply by the appropriate proportions shown above. As mentioned earlier, 
the interpolation is best made by means of diagrams such as Fig. 297. ‘The oxygen depletions 
calculated in this way are shown in Fig. 298(a) where Curve A; is the depletion due to 0-61 Unit 
of ‘fast’ organic carbon, Curve B is for 0-34 Unit of ammoniacal nitrogen, Curve C, for 0-12 Unit 
of ‘fast’ organic nitrogen, and Curve D for 0-02 Unit of oxygen deficiency. 

Finally, addition of Curves A~D gives Curve & which is thus the calculated oxygen depletion 
attributable to this hypothetical discharge under adverse summer conditions of fomppenataite and 
fresh-water flow. 

The maximum oxygen depletion is seen to be 7-0 per cent saturation. If all that had been 
required was an estimate of this maximum value, it would have been sufficient to use Equations 


53 (p. 246) and 271 (p. 536). ‘Thus, from Equation 53, 


EB = 5 (200 +3 x49) = 520 p.p.m., (272) 
and hence 
E* = 4-7x 520/224 = 10-9 tons/day; (273) 
taking the area, A, as 22 thousand square feet (from Fig. 1(c), p. 5) Equation 271 then gives 
D = 19x 10-9/22 = 9-4 per cent saturation. (274) 


This. value is some 35 per cent too high; the error no doubt arises from the point of discharge being 
close to London Bridge which is considered to be the most landward point at which Equation 271 
is of value. 


558 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


(per cent saturation) 


OXYGEN DEPLETION 





Above Below ' 
POINT OF DISCHARGE (miles from London Bridge) 


Fic. 297. Calculated oxygen depletion in water with given half-tide positions (miles below London Bridge, 
denoted by figures on curves} caused by discharge of ‘fast’ organic carbon with oxygen-equivalent of 10 tons/day 
Flow at Teddington, 170 m.g.d.; temperature, 22°C; exchange coefficient, 5 cm/h 


APPLICATION OF RESULTS 





560 EFFECTS OF POLLUTING DISCHARGES ON THE THAMES ESTUARY 


Example 2 


Suppose now that the discharge 3-5 miles below London Bridge were of half-nitrified sewage 
effuent with a B.O.D. of 20 p.p.m. The calculation then becomes more complicated because it is 
no longer permissible to assume that the discharge contains no ‘slow’ components of organic carbon 
and nitrogen. 

In the absence of direct measurements, comparison with the results of an experiment in which 
the course of oxidation of a sample of effluent from the Mogden works was examined (pp. 233-234) 
suggests that, of the organic carbon and nitrogen which would in practice be oxidized, roughly 
equal amounts should be considered to be oxidized at the ‘fast’ and ‘slow’ rates, that is p = 0-5. 
As in Example 1 the values assumed for the concentrations of organic carbon, and of organic and 
ammoniacal nitrogen will be taken from the experimental results discussed in Chapter 9; thus it will 
be assumed that the content of organic carbon in this effluent is 29 p.p.m. (from Equation 45, p. 229); 
for an un-nitrified effluent of the types examined, with a B.O.D. around 20 p.p.m., the content of 
ammoniacal nitrogen is about 30 p.p.m. (derived as in Example 1), and assuming half this to be 
nitrified before discharge the value assumed will therefore be 15 p.p.m. The content of organic 
nitrogen will be taken to be 4 p.p.m. (by extrapolation of the data shown in Fig. 149, p. 235, and 
assuming that the true relation should pass through the origin of the graph); the oxidizable nitrogen 
thus becomes 15+4 = 19 p.p.m. It is also assumed that the efHuent is roughly half-saturated with 
dissolved oxygen, the oxygen deficiency being taken as 4 p.p.m. Once again it is emphasized that 
in practice these various constituents should be determined experimentally, and that the derivations 
given above are merely to provide reasonable values for the subsequent calculations. 

The assumptions are thus as follows: 


Rate of discharge, O =. 4-7 med, 
BO.Ds B= 20. “p.p.m: 
Organic carbon, C298 pp. 
Oxidizable nitrogen, N= "19. Op-p.as 
Ammoniacal, Net 2 ep 
Organic, No & 4 pep Un 
Oxygen deficiency = 4. ip. p.m 
Proportion of ‘slow’ organic constituents, p= 0-5. 


‘The various oxygen equivalents, derived from the equations in Chapters 8 and 9 thus become: 


Organic carbon 


Ultimate, Uns 2°6/C =.77\p.pam. (Equation 25, p. 216) 

Effective, Eo = B/(0:69—0:48 p) = 44 p.p.m. (Equation 39, p. 227) ~ 
Ammoniacal nitrogen, Oh = 4°57 Noa G2 Dame (Equation 33, p. 221) 
Organic nitrogen 

Ultimate, Oo OLN ae HAS pp ae (Equation 33, p. 221) 

Effective, Fog = Uorglo/Ucg = 10 p.p.m. (Equation 41, p. 227) 


The factor of 0-0021, used in Example 1 to convert from terms of concentration to those of unit 
loads, again applies, and, allowing for the assumption that half the organic constituents are considered 
to be ‘fast’ and half ‘slow’, the polluting loads become: 





‘Fast’? organic carbon, 0-0021(1—p)E, = 0-046 Unit 
‘Slow’ organic carbon, 0-0021pE,, = 0-046 Unit 
Ammoniacal nitrogen, 0-0021 Oy... =. 0- M5 Unit 
‘Fast’ organic nitrogen, 0-0021(1—p)E,,. = 0-011 Unit 
‘Slow’ organic nitrogen, 0-0021pE,,,, = 0-011 Unit 
Oxygen deficiency, 0-0021 x 4 = 0-008 Unit. 


Proceeding as in Example 1, the curves plotted in Fig. 298(b)' show the calculated oxygen 
depletions attributable to each polluting constituent. Curve &, which represents the combined 
effect of all the constituents, shows a calculated maximum oxygen depletion of 1-46 per cent 
saturation. 

If Equations 53 (p. 246) and 271 (p. 536) were used in the present example, the values would 
become 

E* = 3(20+3x 19) = 116 p.p.m. (275) 
and 


D = 19x4-7x 116/(224 x 22) = 2-1 per cent saturation. (276) 


: ‘A : : : Paes 4 
Use of Equation 271 thus again leads to over-estimation of the effect of this discharge. 
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Fic. 298. Calculated oxygen depletion caused by discharge of 4:7 m.g.d. of (a) settled sewage (B.O.D., 
200 p.p.m.) and (b) half-nitrified effluent (B.O.D., 20 p.p.m.), 3-5 miles below London Bridge under 
adverse summer conditions 


Curves 2, total effect; Ay and A,, due to ‘fast’ and ‘slow’ organic carbon; B, due to ammonia; C, and C,, due 
to ‘fast’ and ‘slow’ organic nitrogen; D, due to oxygen deficiency 


There are several points of interest in comparing the results shown for these two examples 
in Fig. 298. In Example 1 the B.O.D. is 200 p.p.m. and the calculated maximum oxygen depletion 
is 7-0 per cent saturation, and in Example 2 the B.O.D. is 20 p.p.m. (or 10 per cent of that in 
Example 1) and the maximum depletion is 1-46 per cent saturation (or 21 per cent of that in 
Example 1). The chief reason for the difference between these two proportions is, of course, that 
the effective load in (b) is reduced only to 25 per cent of that in (a). In general, the higher the 
fresh-water flow and the more landward the point of discharge, the more nearly does the system 
approximate to a non-tidal river and the farther downstream of the point of discharge will the point 
of maximum oxygen depletion occur. In the examples given above—for a discharge 3-5 miles below 
London Bridge under low-flow conditions—the points of discharge and maximum depletion are 
close to each other, and this will also be so for discharges farther seaward at times of low flow; 
in the lower reaches the points are close even at times of high flow. 


Discharges of settled sewage or sewage effluent at different points in estuary 


The most important features derived in these two examples are the maxima attained by the 
two curves & in Fig. 298, that is the maximum oxygen depletion that would be caused by each 
discharge in the absence of other pollution—or in the presence of other pollution if the calculated 
final oxygen content nowhere fell to 5 per cent saturation. 

Examples of the relations between rate of discharge, composition of effluent, point of entry 
to the estuary, and maximum oxygen depletion produced, are shown in Figs. 299 and 300, where 
two of the discharges considered have the same compositions as those in Examples 1 and 2 above. 
In addition, results are shown for un-nitrified and fully nitrified sewage effluent, again with a B.O.D. 
of 20 p.p.m., the assumed compositions being derived in essentially the same way as in Example 2. 
The maximum oxygen depletion was calculated by summing the component curves (as in Fig. 298) 
and reading off the maximum values. These calculations relate to a flow of 170 m.g.d. at Teddington 
and to a temperature of 22°C; smooth curves have been drawn through the values for each 5-mile 
point calculated by means of Tables 184-189 (pp. 541-551). 

Figure 299 shows the flow of each type of discharge which, if acting in the absence of any 
other source of pollution, would reduce the oxygen content of the estuary water by 10 per cent 
saturation at the point of maximum effect. Thus it is seen that if, for instance, this depletion were 
permitted from a particular sewage works, the discharge would be limited to 3 m.g.d. if it entered 
at the head of the estuary as settled sewage with a B.O.D. of 200 p.p.m., but to 11, 16, or 37 m.g.d. 
if it entered as un-nitrified, half-nitrified, or fully nitrified sewage effluent with a B.O.D. of 20 p.p.m.; 
whereas if the discharge entered 40 miles below London Bridge (about 3 miles upstream of Southend) 
the four corresponding rates would be 100, 300, 460, or 970 m.g.d.—roughly 30 times as great. 
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Fic. 299. Calculated rate of discharge of settled sewage or of sewage effluent nitrified to 
different degrees that, in absence of other sources of pollution, would produce a maximum 
oxygen depletion of 10 per cent saturation under adverse summer conditions 


Figure 300 shows the same data plotted in a different way, the ordinate being the maximum 
oxygen depletion attributable to a flow of 1 m.g.d. of each type of discharge. The application of 
this figure may be illustrated by calculating the effect of discharging, from Northern Outfall, 
240 m.g.d. of half-nitrified sewage efHuent with a B.O.D. of 20 p.p.m. The point of discharge is 
11:4 miles below London Bridge; entering the appropriate curve along this ordinate shows that 
1 m.g.d. would produce a maximum depletion of 0-175 per cent saturation. Since, in this type of 
calculation, the effect is directly proportional to the load discharged, a flow of 240 m.g.d. would 
produce a maximum oxygen deficiency of 240 x 0-175, or 42 per cent saturation. 

Suppose now that only 200 m.g.d. received secondary treatment, the remainder being discharged 
as settled sewage with a B.O.D. of 200 p.p.m., then the maximum oxygen depletion attributable 
to the 200 m.g.d. of sewage effuent would be 200 x 0-175, or 35 per cent saturation, and the 
corresponding depletion produced by the 40 m.g.d. of settled sewage would be 40 x 0-79, or 32 per 
cent saturation. ‘The total maximum oxygen depletion would thus be 67 per cent saturation, so that 
whereas treating the whole flow of settled sewage would (in the absence of all other sources of 
pollution or of effects of deposition) give a minimum oxygen content of 58 per cent saturation, 
treating only five-sixths of the flow would give a minimum oxygen content of only 33 per cent 
saturation. 

The results of this calculation emphasize the great benefit to be gained by giving secondary 
treatment to the whole flow of a settled sewage, rather than to only a part of the flow—even when 
the proportion is as high as five-sixths. 


Addition or removal of oxygen 


If water is taken from the estuary and is later returned to it near the same point, but with its 
oxygen content raised or lowered, the effect will be essentially the same as the direct addition or 
removal of oxygen at the point of discharge. Large volumes of estuary water are used for cooling 
purposes at power stations and, although there is generally little change in the oxygen content in 
passing through the system, there are three stations where the change is significant; oxygen is added 
by aeration within the system at Belvedere (pp. 337-339), and oxygen is removed by sulphite 
washed from the flue gases at Battersea and Bankside (pp. 90-92). These processes provide examples 
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Fic. 300. Calculated oxygen depletion that would be produced by discharge of 1 m.g.d. 
settled sewage or sewage effluent nitrified to different degrees, in absence of other sources of 
pollution, under adverse summer conditions 


in which Table 189 (pp. 551-552) may be used without it being necessary to take into account 
pollution due to oxidizable carbon and nitrogen compounds. Similar cases might arise if it were 
possible to make quantitative allowance for the effects of phytoplankton and in calculating the 
effects of aeration (pp. 566-568). In calculations concerned with the addition of oxygen the numerical 
values given in Table 189 clearly refer to the oxygen increase rather than the oxygen depletion. 

The only examples that will be considered here are the effects of the discharges from Battersea 
and Bankside. At these two power stations part of the sulphite is oxidized before discharge to the 
Thames, and the water returned to the estuary generally has a lower oxygen content than the intake 
water and also contains some residual sulphite which will be considered to react instantaneously with 
dissolved oxygen in the water. The loss of oxygen by the estuary water, due to the sulphite dis- 
charged from Battersea Power Station and to the lowering of the oxygen content of the water 
before return to the estuary 3-7 miles above London Bridge, was estimated to have been 3 tons/day in 
1954-55; the corresponding loss due to the discharge from Bankside Power Station, 0-7 mile above 
London Bridge, was 1:2 tons/day. The oxygen deficiencies caused by these power stations when 
the flow at Teddington is 170 m.g.d. can be found approximately by interpolation in Table 189 
(p. 551). The separate effects of each power station and the sum of their effects are shown in Fig. 301. 
In practice, the maximum deficiency will be a little smaller than the calculated maximum because, 
although the oxidation of sulphite is rapid, it is not instantaneous (as has been assumed) so that 
its effects are spread over a slightly greater distance with a corresponding decrease in the maximum. 
It may be noted that the polluting load discharged from each of these stations is believed to have 
been doubled between 1954 and 1962 (pp. 91-92). 


Conservative substance 


In Table 190 (p. 553) are given the concentrations of a conservative substance in the water of 
the estuary due to a discharge at a rate of 10 tons/day. In this context, a conservative substance is 
one which is not formed or destroyed in the water of the estuary, which is not absorbed by 
suspended solids or by material on the bed, and which is not gained from or lost to the atmosphere. 
If the rate of destruction of a substance is unknown, its distribution cannot be calculated, but from 
the results of Table 190 an upper limit can be put on the concentrations in the water. In some cases 
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this might be sufficient information. Suppose, for example, that the level of dissolved oxygen in 
the estuary water were sufficiently high to support fish but that a substance, known to be toxic, was 
being discharged at a known rate at one point. Use of 'Table 190 might indicate that the maximum 
possible concentration of the material would be well below the toxic limit. If it were above, or 
perhaps not far below this limit, it would no doubt be necessary to try to establish the rate of des- 
truction of the substance in the estuary, after which the expected distribution could be calculated 
by the methods described in Chapter 15. Of course, even if the calculated maximum concentration 
were appreciably below the toxic limit, fish might be killed in the immediate vicinity of the outfall, 
since these calculations assume complete mixing over the cross-section of the estuary. 
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Fic. 301. Calculated oxygen depletion that would have been produced by 

discharge of water of lowered oxygen content and containing sulphite from 

Battersea and Bankside Power Stations in 1954-55, if rates of discharge 
had been those estimated during that period 


Flow at Teddington, 170 m.g.d.; water temperature, 22°C 


APPLICATION OF DETAILED CALCULATORS 


It has already been shown (Fig. 280, p. 512) that the condition of the estuary in 1964 is likely to 
be such that the oxygen content will fall to a low value, not only when the fresh-water flow is low 
and the temperature high, but possibly throughout the year. Thus the oxygen depletion attributable 
to a new discharge (or to alteration of an existing one), calculated as in the examples which have 
been given, will not represent the actual effect on the distribution of dissolved oxygen. For example, 
if the existing oxygen content were 5 per cent saturation, then the addition of a new effluent which, 
acting alone, would produce an oxygen depletion of 10 per cent saturation, would clearly not reduce 
the actual concentration in the estuary by this amount. To obtain the most accurate estimate of the 
effect of the discharge it would then be necessary to carry out the elaborate calculations requiring 
the use of an electronic computer and described in Chapter 17. Nevertheless, it should be noted that 
where the new discharge would produce fairly small changes in the distribution of dissolved oxygen, 
the detailed calculations will not be sufficiently accurate to give a very reliable estimate of the effect: 
This is because when the calculated oxygen content falls to 5 per cent saturation—at which point 
complications due to restriction of nitrification and to denitrification become important—the methods 
described in Chapter 17 do not give a direct numerical solution, but successive calculations lead 
progressively to more accurate results. In addition, the use of 2-mile intervals in these computations 
makes it impossible to obtain any accurate result for a small change in the position of the landward 
and seaward limits of the reaches of low oxygen content. Furthermore, in many cases it is likely 
that the simple calculations illustrated by the examples given earlier will be more useful—from the 
point of view of managing the estuary—than will the detailed calculations. 

In Fig. 302 the continuous curves show the predicted distributions of dissolved oxygen, and of 
the nominal oxygen content, under adverse summer conditions in 1964. In Fig. 283 (p. 515) was 
shown the calculated effect of the steady addition of ‘fast’ organic carbon, with an oxygen equivalent 
of 100 tons/day, 30 miles below London Bridge; the effect on the distribution of dissolved oxygen 
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is demonstrated by the dotted curve in Fig. 302(a). If use were to be made of the relevant column in 
Table 184 (p. 541), the calculated effect of this discharge in the absence of all others could be added 
to the calculated curve for the nominal oxygen content due to all other sources. This is shown by 
the dotted curve in Fig. 302(b). Thus the result of the detailed calculation shows a lowering in the 
oxygen content 30 miles below London Bridge of about 12 per cent saturation, and this is much the 
same as the lowering of the nominal oxygen content at the same point; in fact, there is no very great 
difference between the effect in the lower reaches as calculated by the two methods. However, the 
detailed calculations show no change in the oxygen content of the middle reaches since this discharge 
will not lower the oxygen content in these reaches but will cause the amount of nitrate there to be 
lowered—this was shown in Fig. 283(a). It is seen from Fig. 302(b) that the minimum value of the 
nominal oxygen content would be lowered by some 5 per cent saturation so that, unless the effect 
of the distribution of oxidized nitrogen is taken into account, application of the tables for unit 
polluting loads shows more clearly the effect on the condition of the estuary where this is worst 
than does the detailed calculation. 
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Fic. 302. Calculated distributions of dissolved oxygen (a and c) and nominal oxygen content (b and d) 

under adverse summer conditions in 1964 (continuous curves), and effects of discharge, 30 miles below 

London Bridge, of ‘fast’ organic carbon (dotted curves), or of ammonia (broken curves), with oxygen- 
equivalent of 100 tons/day 


There is an important situation in which the tables for the effects of unit polluting loads are 
unsuitable (apart from that referred to on p. 538); this is when oxidizable nitrogen is the chief 
constituent of the discharge and when complications arise from restricted nitrification. Thus in 
Fig. 302(c and d) are shown the calculated results for an input of ammonia with the same oxygen- 
equivalent, and at the same point, as in the other section of the diagram. There is little difference 
between the calculated effects in (a) and (c), or betwecn those in (b) and (d), but the detailed calcu- 
lations of the distributions of oxidized nitrogen show that, whereas the addition of carbon at this 
point would lower the reserves of oxidized nitrogen in the central reaches, the addition of ammonia 
would increase these reserves. 
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POSSIBILITIES OF ARTIFICIAL AERATION 


From time to time the possibility of improving the condition of the estuary by aeration has been 
suggested. This might be done directly by aerating the water zm situ in the estuary, or indirectly by 
circulating it through specially built aeration units on land, or by aerating the larger discharges to 
the estuary—such as tributaries, the main sewage effluents, or any cooling-water discharged from 
electricity-generating stations. It is reported that, in the United States of America, a polluted stream 
has been aerated successfully with bubbles of air from diffusers placed on the bed®, and the Chicago 
River with two large mechanical aerators mounted on a self-propelled vessel’. Comparatively 
small bodies of static water have also been aerated, either indirectly, or directly by mechanical means 
or by bubbles of air, to prevent the development of anaerobic conditions; instances of this have 
been published for lakes in Switzerland® °, Sweden! "4, England’, Ireland’, and the U.S.A.%. 

Aeration is, of course, an essential feature of aerobic processes of sewage treatment. In the 
older process of biological filtration it is brought about by allowing the settled sewage to flow in 
very thin films through beds of medium on which micro-organisms have developed; in the newer 
activated-sludge process the aeration, either by diffused air or by one of several mechanical processes, 
is effected in aeration tanks, usually some 12 ft deep. There is, however, an important difference 
between the aeration of sewage and that which would be necessary in the Thames Estuary. In any 
system of aeration the rate at which oxygen enters into solution under given conditions is proportional 
to the oxygen deficit. In treating sewage this deficit is usually large (and the rate of entry of oxygen 
for a given expenditure of energy therefore high) because the process has been so arranged that oxygen 
in solution is being withdrawn at a high rate by the intense microbiological activity which is occurring. 
For example, a mixture of settled sewage and activated sludge consumes oxygen at a rate of about 
5 p.p.m./min; in the most polluted reaches of the Thames the figure would be perhaps 5 p.p.m./day. 
Thus in aerating sewage it is possible to employ intensive aeration in a comparatively small volume 
of liquid, whereas in the Thames it would be necessary to spread the aeration over a large water area 
in order to ensure that the concentration in solution did not rise locally to so high a value as to 
reduce the aeration efficiency to an uneconomic level. 

There would clearly be other major difficulties in aerating the estuary water, particularly by 
direct methods. These would include the rise and fall of the water level, wave action, and the 
considerable deposition of mud which occurs at slack water and which would presumably interfere — 
with any aerating device on the bed; moreover, it would be necessary to ensure that any plant 
installed did not interfere with navigation. 

In the present survey the engineering possibilities of aerating the water have not been explored, 
but since the Laboratory has carried out a good deal of work on the efficiency of aeration systems, 
chiefly when applied to the treatment of sewage, the following brief notes have been included to 
give the order of the quantities involved. 


DIRECT AERATION 


The three main types of process used for the direct aeration of water tanks are: 
(a) Injection of compressed air through porous diffusers or perforated pipes. 
(b) Agitation of the water surface by rotary devices. 

(c) A combination of mechanical agitation and air diffusion. 


Of these (c) is used chiefly for intensive aeration, for example in fermentation vessels, and will not 
be studied further. 

In considering a scheme of direct aeration, it is perhaps reasonable to base the calculations on 
the requirement that the quantity of oxygen to be introduced daily into solution under adverse 
summer conditions would be 100 tons (the oxygen content of about 13 mil ft? of air). It is estimated 
that, if oxygen were added at this rate 10 miles below London Bridge when the minimum nominal 
oxygen content was — 100 per cent saturation (p. 511), it would raise it to — 40 per cent. 

From what is known of the performance of aeration systems!4—18, it seems unlikely that the 
oxygen absorbed per unit of energy would exceed 2000 g/kWh, and thus the power required would 
be at least 2800 hp. This figure is based on the assumption that the water would be initially devoid 
of oxygen in solution; if oxygen were present the required power would be correspondingly increased. 
It is certainly not possible to calculate accurately the size of plant which would be needed, since the 
performance of any aeration unit would depend on the rate at which oxygenated water was removed 
from the vicinity of the aerator by the flow of the tide and by local turbulence. Moreover, the 
efficiency of at least some types of aerator depends on the design of the tank in which they operate, 
and their efficiency when applied to the direct aeration of the Thames would almost certainly be 
lower than in specially built installations. However, if it were possible to construct and to operate 
the various systems with the same order of efficiency as in their normal use, the approximate size 
of aerating plant required might be roughly as follows: 
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(a) Porous diffusers; 20-30 thousand 7-in. diffusers mounted on perhaps 5 miles of pipe 
with a total air flow of 60 000 ft/min. 


(b) Perforated pipe; 1-2 miles of pipe with a total air flow of 150 000 ft?/min. 
(c) Aeration cones; about 500 cones 6 ft in diameter, or 50 cones 10 ft in diameter. 


(d) Brush aerators; about 2 miles of brush (2 ft in diameter) rotating at 120 rev/min, or 2 mile 
at 180 rev/min. 


INDIRECT AERATION 


If it were required to add a certain quantity of oxygen to the estuary by indirect aeration, either 
by aerating water flowing into the estuary or water taken from and returned to it, two requirements 
would have to be satisfied—the quantity of water and its initial oxygen deficiency would have 
to be sufficient to allow the required amount of oxygen to be added. The mass, M, of oxygen added 
(in tons/day) is given by 

M = (C,-C,) Qn [224, (277) 


where C, and Cy are, respectively, the solubility and the initial concentration of dissolved oxygen 
(both in p.p.m.), Q is the flow of water being aerated (in m.g.d.), and 7 is the efficiency of aeration— 
that is the proportion of the initial oxygen deficiency which is removed during the process. 

Unless the effective value of C, is raised by increasing the partial pressure of oxygen above the 
water surface—either by carrying out the aeration at a pressure considerably greater than atmospheric 
or by using oxygen in place of air—the maximum value of C,—C, is unlikely to exceed 8 p.p.m. at 
summer temperatures. ‘This means that the addition of each ton of oxygen is equivalent to raising 
the oxygen content from zero to the saturation value in some 28 mil gal of water. 

The only sources of water entering or being returned to the estuary in sufficient quantities for 
it to be possible to add significant amounts of oxygen in this way are the fresh-water discharges, 
the major sewage effluents, and the water circulated through power stations for cooling purposes. 

The most adverse conditions occur in the estuary when the fresh-water flow is low and the 
temperature high, but at such times the flow in the tributaries discharging to the estuary is also 
very low and there is then insufficient water being discharged for it to be possible to add large 
amounts of oxygen even by complete aeration of the tributaries. The largest fresh-water discharge is, 
of course, the Upper Thames in which, however, the oxygen content is generally close to the 
saturation value; when there is an appreciable deficiency in the water arriving at Teddington 
Weir, substantial reaeration occurs there (pp. 335-336). 

In 1962 the total flow of sewage effluents into the estuary was about 500 m.g.d. (Table 42, p. 82), 
so that the maximum amount of oxygen that could be added by complete aeration of these effluents 
would amount only to some 18 tons/day. Nevertheless, some oxygen may be added in this way, 
and in fact aeration takes place in the effluents discharged from Mogden (p. 336), and from Northern 
Outfall (p. 337) where the final mixed effluent passes down a cascade into the estuary giving a total 
fall of some 15 ft at mean low water; the latter efuent accounts for some 40 per cent of the total 
discharge of sewage effluents to the estuary. 


Aeration of cooling-water 


The largest volume of water pumped from the estuary and returned to it is that used for cooling 
at electricity-generating stations; even during the hot summer of 1949 the volume of this exceeded 
1000 m.g.d. and was roughly twice as great as the combined volume of sewage effluents and 
fresh-water discharges. Cooling-water is normally passed through a closed system; if it were proposed 
to aerate it, very large engineering works would no doubt be required, but it is of some interest 
to indicate the extent of the aeration which could conceivably be obtained by this means. In making 
the estimate the smaller power stations have been ignored and only those have been considered 
which, it is expected, will in 1964 be discharging volumes of water of the order of at least 100 m.g.d. 
If it were possible to remove 40 per cent of the deficiency of dissolved oxygen calculated to exist 
under adverse summer conditions in 1964 in the intake water, the total weight of oxygen that could 
be added at the eleven generating stations considered would be nearly 30 tons/day. In these calcula- 
tions it was further assumed that, at the Battersea and Bankside stations, the oxygen added would be 
sufficient to oxidize all the sulphite discharged before 40 per cent of the initial oxygen deficiency 
was removed. The additional oxygen required for oxidation of this sulphite was taken as 7} tons/day 
—a figure rather lower than derived on pp. 91-92 for 1962 (mainly because of making appropriate 
allowance for seasonal variations in the power generated). 

If the cooling-water from all the eleven generating stations considered were aerated, most of the 
additional oxygen supply would enter the estuary in reaches where the rate of nitrification was 
restricted, so that it would not be expected to make any large change in the concentration of dissolved 
oxygen in the water. The predicted effect on the distribution of the nominal oxygen content is 
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shown in Fig. 303—no detailed calculation has been made of the effects on the distribution of 
dissolved oxygen and oxidized nitrogen. It is seen that the largest calculated effects would be 
in the vicinity of London Bridge. These effects have been over-estimated in so far as there would 
necessarily be some re-circulation—water re-entering a station with an enhanced oxygen content; 
also, in those reaches where the oxygen content (and not just the nominal oxygen content) is raised, 
the oxygen deficiency of the water entering would be less than in the absence of aeration, and the 
degree of aeration attainable would be proportionately less. 
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Fic. 303. Calculated effect of sufficient aeration of cooling-water at eleven C.E.G.B. 
power stations to remove 40 per cent of oxygen deficiency of water circulated and 
to remove the effects of flue-gas washing at Battersea and Bankside 
Continuous curve, predicted distribution of nominal oxygen content under 
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There is one instance where the cooling-water at a Thames-side power station has been aerated 
and the results of doing this are known. This is at Belvedere Power Station where arrangements 
for aerating the cooling water were incorporated in the design. An account was given on pp. 337-339 
of a test of this plant when cooling-water was being discharged at a rate of about 355 m.g.d. 
Air was forced into the water under pressure, and with the air pumps working at maximum capacity 
the additional quantity of oxygen returned to the river was approximately 5 tons/day. The weight 
of oxygen absorbed for a given input of energy was difficult to determine because of the complication 
of the system but was certainly less than 1000 g/kWh. This generating station is 14-6 miles below 
London Bridge, that is in the most critical reach. 


MATTERS ON WHICH FURTHER RESEARCH IS REQUIRED 


Taking the evidence presented in this Report as a whole, it is thought that the general mechanism 
of the processes governing the distribution of oxygen is now understood, and that the approximate 
magnitudes of the various quantities which enter into the calculations are known. It is clear, however, 
that the precision with which some at least of these quantities have been determined is a good deal 
less than is desirable and that much further work could usefully be done on estuarine self-purification. 
The matters most in doubt concern the rate of supply of oxygen from the air to the water, the rate 


of utilization of oxygen in various reactions, and—perhaps the least understood—the effects of 
solid matter on the oxygen balance. 
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THE EXCHANGE COEFFICIENT FOR OXYGEN 


It seems doubtful whether it will ever be possible to determine with much precision the varia- 
tions in the exchange coefficient in so large a body of water as an estuary. In fresh-water streams 
its value covers a very wide range—from 1 to 200 cm/h in waters investigated by the Laboratory”. 
In an estuary the exchange coefficient is known to be affected by wind velocity, and must therefore 
vary considerably from place to place and from time to time. No very satisfactory method of 
determining it directly in an estuary is known, and all that has been possible in the present work is 
to compare the results given by several somewhat indirect methods of approach. Thus, at different 
times during the present investigation, values ranging between 2 and 12 cm/h have seemed reasonable, 
and as more precise information was obtained about other factors, the range was narrowed. It is 
noticeable that in recent work on tidal waters in other parts of the world?® ?! values similar to those 
finally adopted in the present investigation have been used. It may ultimately be possible to arrive at 
the exchange coefficient from a knowledge of the velocity, depth, and other characteristics of the 
flowing tidal water, no doubt with some adjustment for wave motion. Indeed empirical and 
theoretical relations between exchange coefficient and depth and velocity in fresh-water rivers have 
recently been developed (see pp. 366-367). In an estuary the adjustment for the effects of waves is 
likely to be of greater importance than in fresh-water streams, and (in both these systems) allowance 
must be made for the reduction in exchange coefficient caused by the presence of contaminants (see 
bottom of p. 366 and pp. 374-382). 

Again, more information is needed on the effects of contaminants—particularly constituents of 
sewage, sewage effluents, and industrial efluents—on the exchange coefficient of an estuary. The 
results reported on p. 384, on the comparison of the observed and calculated reductions in exchange 
coefficient when clean water flowing in an aeration channel was replaced by polluted Thames water, 
were encouraging, as also were those of comparing the calculated and observed effects of the 
introduction of household detergents on the condition of the estuary. But more work on this 
subject is needed, and it will be of particular interest if the proportion of sewage receiving complete 
treatment before discharge continues to increase. 


PHOTOSYNTHESIS 


The effect of algae is a subject on which it is very difficult to obtain accurate information since 
the changes in oxygen level caused by photosynthesis and respiration are superimposed on much 
greater variations due to bacterial decomposition of polluting matter. One of the difficulties—which is 
at present an equal difficulty in fresh-water streams—is that so little is known of the fate of the 
algae at the end of their season of growth. Ultimately they must die and decay, taking up oxygen in 
the process, but whether this occurs within the estuary or at sea, or in the mud on the bottom is 
uncertain. 


DENITRIFICATION 


The work described on pp. 247-255 on factors affecting denitrification is clearly inadequate. 
Fortunately within the past few years the application of polarographic methods of determining 
dissolved oxygen has greatly simplified experimental work on this subject and it is to be expected that 
much more information will be collected during the next few years. 


RATES OF OXIDATION OF POLLUTING MATTER 


From time to time it has been suggested that the rate of oxidation of organic matter in a natural 
body of water is much higher than is observed in the laboratory. In shallow fresh-water streams this 
may prove to be the case since, particularly if they contain much rooted vegetation, the ratio of the 
total submerged solid surface area to the volume of water may be high; if then the surface became 
coated with bacteria—as does the medium in a percolating filter—a high rate of removal of organic 
matter would be expected. It is clear however that this is not so in the Thames Estuary in which, 
because of its great depth and its freedom from attached vegetation, this surface plays little part. All 
the evidence in the present Report suggests that the rate of oxidation is not far removed from that 
observed in vessels in the laboratory. Nevertheless more direct evidence on this point is desirable. 

Again, it is certain that different types of organic matter—such as those in settled sewage and 
in biologically treated sewage efluent—are oxidized at different rates, and on this subject more 
precise information is wanted. Similarly, further work is required on the rate of oxidation of ammonia 
to nitrite and of nitrite to nitrate, and indeed this work is in progress” at the present time in view 
of the importance of nitrification in the biological treatment of sewage. 

In the Thames Estuary uptake of oxygen by deposits of mud was found to be a small factor in 
the balance of oxygen but in shallower estuaries it would become more important and worth further 
investigation. 
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EFFECTS OF SOLIDIMAT EER 


Probably the greatest source of uncertainty in the computations in the previous chapter is the 
influence of solid matter, both in suspension and on the bed. For the purposes of the computations 
it has been assumed that suspended solids are dispersed by tidal mixing, and displaced by the 
land-water flow, in exactly the same way as dissolved substances, the effect of deposition of solid 
material then being allowed for by considering the removal of pollution in the reaches where deposition 
is found to occur. The oxygen demand of the materials deposited and subsequently removed 
during dredging represents a substantial proportion of the total load entering the estuary from land 
sources. It has not been possible to determine directly the rate of deposition, and it has been necessary 
to assume that this is equal to the long-term average rate of removal by dredging. Furthermore, it 
is uncertain what proportion of the suspended solid matter discharged to the estuary escapes from 
it. An additional complication is the entry, from the sea, of solid matter which may well contain a 
significant amount of oxidizable material (see p. 243). Empirical allowance was made for these 
factors in Chapter 17, but if large changes were made in the quantity, composition, or points of 
entry of the major sources of pollution, it is by no means certain that the methods that have been 
used would not involve errors of considerable magnitude. 


CONCLUDING REMARKS 


The protracted nature of this investigation has largely been due to the previous lack of any 
satisfactory method of allowing for the effects of tidal mixing. Without a reasonable knowledge of 
these effects it would have been impossible to make any reliable estimate of the changes in the con- 
dition which may be expected to follow future alterations in the various factors affecting the estuary. 
Nevertheless, the approach based on a statistical examination of the long-term records of the - 
London County Council provided valuable information which, had these records been supple- 
mented by equally complete data on polluting loads, and had the oxygen content not fallen to the 
point where complications arise from restricted nitrification and from denitrification, could probably 
have been used with a fair measure of success in making similar predictions. 

Other novel features, essential to the investigation, were the method used for comparison of 
samples taken at different states of the tide (the half-tide adjustment described in Chapter 2), the 
methods of estimating the exchange coefficient for oxygen, the methods of assessing polluting loads 
and of allowing for different rates of oxidation of different types of substance (Chapter 9), and the 
approximate allowance for the important complications that arise when the oxygen content falls below — 
about 10 per cent saturation. 

If similar methods were to be applied in studying nian estuary of the same type, the work 
involved would clearly be very much less. It is certain that the values of the mixing constants could 
be derived more rapidly by means of a computer, and that the application of the mixing theory could 
be greatly simplified by using a larger computer than that which was employed in the present work. 
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Appendix 


METHODS OF SAMPLING AND ANALYSIS 


WATER SAMPLES 


Casella displacement samplers!, in which the sampling bottles are flushed with several volumes 
of liquid, were used when taking samples for chemical analysis. Samples for bacteriological 
examination were taken in sterile bottles in a Mortimer apparatus?. 

During the estuary surveys, oxidation-reduction potential was determined zm situ, and dissolved 
oxygen, salinity or chloride content, ammonia, nitrite, nitrate, and total and dissolved sulphide were 
determined on the launch; temperature measurements were discussed on p. 434. Other constituents 
were determined at the field laboratory at Tilbury, generally on the day after sampling. In the 
surveys of fresh-water discharges made in 1951-53, dissolved oxygen was ‘fixed’ immediately 
after sampling, the samples being acidified as soon as was practicable. The iodine titrations and all 
other determinations were carried out at the field laboratory. In the 24-h surveys of the Wandle, 
Lee, and Beam in 1958 the iodine was titrated at the site. 

The methods described below were used, where relevant, in examining samples of the Thames 
and its tributaries, of crude and settled sewage, storm sewage, and sewage effluent, of industrial 
discharges, and also in laboratory experiments. 


Salinity and chloride content 


When the salinity was expected to exceed 1 g/1000 g, a suitable volume of sample was titrated 
with silver nitrate solution containing 49-3 g/l. (previously standardized against “Eau de Mer 
Normale’), with potassium chromate as indicator. Ordinary volumetric glassware of good quality 
was used instead of the special apparatus sometimes employed for salinity determinations. The 
salinity was calculated with the aid of Knudsen’s Tables?. 

As the salinity falls, the relation between chloride concentration and salinity becomes increasingly 
uncertain* and it is not usual to quote salinities of less than 1 g/1000 g. When the salinity was 
expected to be below this value, titrations were carried out with a solution containing 4-791 g of 
silver nitrate per litre (1 ml = 1 mg Cl-), with potassium chromate as indicator; sodium chloride 
was used as primary standard, and the results are expressed as parts of chloride per million. 


Biochemical oxygen demand 


The amount of dissolved molecular oxygen consumed by a suitably diluted sample in 5 days in 
the dark at 20°C is known as the biochemical oxygen demand (B.O.D.). 

The B.O.D. was determined by a recommended method!, using the azide modification!’ of the 
Winkler method for dissolved oxygen. Where the test was modified (as when distinguishing between 
the B.O.D. of dissolved and suspended matter) a full description has been given in the text. 


Permanganate value 


The method used for determining the 4-h permanganate value at 27°C was that recommended 
by the Ministry of Housing and Local Government??. 


pH value 
A battery-operated Cambridge pH meter with glass and calomel electrodes was used. 


Organic carbon 


The chromic acid oxidation method!¢ (without combustion tube) was employed; a correction was 
applied for the blank value found with distilled water. 

Recent work at the Laboratory® has confirmed a suspicion that this method (which was originally 
intended for the analysis of sewage) is unsatisfactory at low concentrations of organic carbon, 
probably because of fluctuations in the blank value and a general lack of sensitivity. However, 
recoveries of organic carbon from high concentrations of soluble standard substances have been 
found’ to be greater than 90 per cent, and it is thought that average results for dissolved organic 
carbon are unlikely to poss€ss a serious bias, even for low concentrations. Data on the effectiveness 
of the method for suspended matter are lacking. 
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Oxidation-reduction potential 


Oxidation-reduction (or redox) potentials were determined by measuring the potential difference 
between a platinum electrode and a calomel reference electrode. One form of the apparatus is shown 
in Fig. 304. The potential was measured with the battery-operated Cambridge pH meter used as a 
millivoltmeter; similar values were obtained with a Tinsley potentiometer. The apparatus used for 
measuring redox potentials in the estuary was about 1 in. in diameter; that used in laboratory 
experiments was much smaller. 









POTASSIUM CHLORIDE 
(SATURATED SOLUTION ) 


CALOMEL ELEMENT 


GLASS TUBE 


POTASSIUM CHLORIDE 
(CRYSTALS IN SATURATED SOLUTION) 


POTASSIUM CHLORIDE 
IN AGAR GEL 


SINTERED GLASS DISC 


PERFORATED METAL 
GUARD TUBE 


WIRE CONNECTION TO METER 
MERCURY 
PLATINUM FOIL ELECTRODE 


Fic. 304. Electrode system used for measurement 
of oxidation-reduction potentials 


Although the redox potentials should, in principle, have been corrected to a definite pH value, it 
was impossible to make the necessary calculations because the nature and activities of many of the 
substances in solution were unknown. The values given in this Report are therefore those 
determined at the pH values of the samples. After correction to 25°C, the readings were adjusted 
to the hydrogen scale by addition of 246 mV—the potential of a calomel electrode at that temperature. 


Ammonia 

Ammonia was determined by steam distillation of a suitable volume of sample in the presence 
of a borate buffer®, the pH value of the mixture being approximately 9-3. The source of steam was 
de-ionized water containing magnesium oxide in suspension. When 80-90 ml distillate had been 
collected in a 100-ml graduated flask, 4 ml of Nessler’s reagent were added. Immediately after 
dilution to the mark, the colour produced was measured against a reagent blank in an Eel colorimeter 


with violet filters. 
In laboratory experiments the method was similar except that the ammonia was separated by 


direct distillation. 


Nitrite 

Nitrite in estuary samples was determined by Moffitt’s modification’ of the Griess-Ilosvay method. 
In laboratory experiments the modification’ recommended by the Ministry of Housing and Local 
Government was used. } 
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Nitrate 


The residue from the ammonia distillation was treated with 5 ml of 2N sodium hydroxide 
solution, and 50 ml of water were distilled off. Devarda’s alloy was then added to reduce the 
oxidized nitrogen to ammonia, which was separated by steam distillation and determined as above. 
Since the Devarda’s alloy contained nitrogen, a measured quantity was used to ensure a constant 
blank value. The concentration of nitrate was found by subtraction of the blank value and the 
nitrite content. 


Organic nitrogen 

Total oxidizable nitrogen was determined, by the method described below under ‘Bottom 
Deposits’, after nitrite and nitrate had been removed by volatilization as the esters after addition 
of ethanol’. ‘The organic nitrogen content was then found by subtracting the known concentration 
of ammoniacal nitrogen. 


Dissolved oxygen 


The azide modification of the Winkler method as described by the Ministry of Housing and 
Local Government! was used. In the field surveys, 12-oz samples were taken and the volumes of 
reagents were adjusted accordingly. No corrections were made for dilution of the sample by 
reagents. Towards the end of the estuary survey, account was taken of barometric pressure when 
calculating the solubility. The accuracy of the method and the most suitable values to be used for 
the solubility were discussed on pp. 349-351. 

In the laboratory experiment described on p. 259, when only small quantities of water were 
available, the reaction was carried out in a 10-ml syringe, using the method based on the Rideal and 
Stewart modification® of the Winkler method. The iodine was determined in a Spekker absorptio- — 
meter, either directly with a No. 601 blue filter, or, when the concentration of oxygen was less than 
1-5 p.p.m., with a No. 604 green filter after reaction with p-aminodimethylaniline. 


Sulphate 
Sulphate was determined gravimetrically as barium sulphate”. 


Dissolved tron and dissolved sulphide 


The method and apparatus used were as described by Wheatland and Lowden" except that 
cadmium acetate solution was used as absorbent. Sulphide was determined iodimetrically”® 13, or 
colorimetrically as methylene blue!*, depending on the quantity of sulphide present. 

Iron was determined in an aliquot of the filtrate by the thioglycollic acid method???. 


Total sulphide, and hydrogen sulphide evolved in laboratory experiments 


The procedure was similar to that used for dissolved sulphide, except that the filtration step 
was omitted. The final determination was always made iodimetrically. 


Suspended solids and loss on ignition 


A Gooch crucible was prepared with a layer of fine asbestos between two layers of coarser 
material. The crucible was ignited at 800°C. Suspended solids were then determined by a 
recommended method!’. The loss on ignition was determined after heating to 800°C. 


Anionic synthetic detergents 


The method of Degens and others! was used until 1955 when it was superseded by that of 
Longwell and Maniece?®, 


Bacteria 


Colony counts of Escherichia coli Type I were made on lactose bile-salt agar using the roll-tube 
technique?’, 

Most Probable Numbers of E. coli I were obtained by inoculating serial dilutions of each sample 
into five tubes of lactose bile-salt broth, incubating at 37°C for 48 h, and subculturing from positive 
tubes into fresh tubes of the same medium. These tubes were then incubated at 44°C. Most Probable 
Numbers were found from statistical tables. 

A similar method was used for determining Most Probable Numbers of Streptococcus faecalis™. 
Cultures were prepared in yeastrel glucose sodium-azide broth’. 

Sulphate-reducing bacteria were detected using either Hotchkiss’s medium” or Miller’s 
medium?!, 
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BOTTOM DEPOSITS 


The various methods of obtaining samples of bottom deposits were described on pp. 278, 295, 
and 307. 


Moisture content 
The loss in weight on drying about 150 g of sample to constant weight at 105°C was determined. 


Loss on ignition 
The loss in weight on heating the dried samples to 800°C was determined. 


Organic carbon 


A known weight of wet sample (0-5-1-0 g) was mixed with 30 ml of water. Concentrated 
sulphuric acid (100 ml) was added and carbon dioxide free air was passed through the mixture 
for 30 min. A saturated solution of chromium trioxide (10 ml) was then added. The determination 
was completed as in the simple modification!’ of the recommended method. 

In laboratory experiments the method was similar but the volumes of water and sulphuric acid 
were 50 ml and 150 ml respectively. 


Total oxidizable nitrogen 


A known weight of wet sample (0-5-1-0 g) was digested until colourless with 5 ml of sulphuric 
acid and a few mg of selenium. The digest was then diluted, transferred to a Parnas-Wagner 
apparatus, and made alkaline with sodium hydroxide solution. ‘The ammonia was steam-distilled 
into N/70 sulphuric acid, the excess of which was determined by back-titration with N/140 sodium 
hydroxide solution using methyl red as indicator. 


Sulphide 
Approximately 5 g of wet sample were acidified with 10 ml of 50 per cent hydrochloric acid. The 
determination was completed as previously described for total sulphide. 


Silica, sesquioxides, calcium, and magnesium 


The first three of these constituents were determined essentially as in soil analysis??. Silica was 
weighed as the acid-insoluble portion of the sample after fusion with sodium carbonate. Sesquioxides 
were determined after treating the combined filtrates and washings from the silica determination 
with ammonium hydroxide solution or urea; the resulting precipitate was ignited and weighed. 
Results are reported in Chapter 11 as ‘Al,O, + Fe,O,’. For the determination of calcium, the filtrate 
and washings from the sesquioxide determination were boiled and treated with 10 ml of saturated 
ammonium oxalate solution. Hydrochloric acid was added until the precipitate redissolved; 2 g of 
urea were then added and the solution was boiled until alkaline. It was acidified with acetic acid, 
then the precipitate was filtered off, dissolved in hot dilute sulphuric acid, and titrated with N/8 
potassium permanganate solution. 

Magnesium was determined gravimetrically using the filtrate from the calcium determination, 
as the 8-hydroxyquinoline complex!” 


Oxidation-reduction potential 
The assembly illustrated in Fig. 304 was mounted as described near the foot of p. 259. 


Bacteria 


The methods of counting bacteria in bottom deposits from the Thames have been published 
elsewhere”®. 


GAS SAMPLES 


Samples of the gas evolved from mud deposits were collected as described on pp. 313-314, the 
analyses being made at the Department’s Fuel Research Station (p. 315). In the experiments with 
polythene tents on the estuary (pp. 354-357) the gas was analysed in a constant-volume apparatus”, 


Atmospheric hydrogen sulphide 

In the method”® used for estimating hydrogen sulphide in the atmosphere above the estuary, 
air was drawn by hand pump through a filter paper impregnated with lead acetate. The stain 
produced on the paper was compared with a series of printed standards. The first of the standard 
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stains corresponds to 33 p.p.m. hydrogen sulphide by volume in 126 ml of air—the volume drawn 
through the paper by one stroke of the pump. Lower concentrations were estimated by pumping 
repeatedly until a measurable stain was produced. 
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SYMBOLS 


It has frequently been necessary to use the same symbol to denote more than one quantity. 
Where no reference is given to a particular Chapter (Ch.) in the list below, the symbol is that 
generally adopted throughout the work. Particular terms are defined on the pages indicated. 

Those symbols fully defined each time they occur in the text have been excluded—as have 
accepted mathematical symbols. 





cross-sectional area 
A the ratio F/B, p. 227 (Ch. 9) 
difference between successive monthly average air temperatures, p. 440 (Ch. 16) 
A; interfacial area 
y coefficient in regression equations (Ch. 6, 16) 
mean tidal excursion from half-tide to slack high water, p. 408 (Ch. 15, 17) 
B Ps ps O42. 
coefficient in regression equations (Ch. 6, 16) 
b rate of oxygen consumption, p. 352 (Ch. 13) 
mean tidal excursion from half-tide to slack low water, p. 408 (Ch. 15, 17) 
b,, 6, elements in displacement matrices, p. 417 (Ch. 15, 17) 
b basic displacement matrix, p. 417 
¢ concentration of organic carbon (Ch. 8, 9, 11, 19), dissolved oxygen 
(Ch. 12, 13), or unspecified substance (Ch. 14, 15) 
as oxygen solubility (see also T.) 
Cc calculated concentration of particular substance before account is taken of 
tidal mixing, p. 408 (Ch. 15) 
D maximum oxygen depletion, p. 536 
E total effective oxygen demand, p. 228 
Eo effective oxygen demand due to organic carbon, p. 227 
EX effective oxygen demand due to oxidizable nitrogen, p. 227 
ES}. effective oxygen demand due to organic nitrogen, p. 557 
Et approximate value of EF, p. 246 
F particular function of destruction of a substance, p. 411 
£ exchange coefficient for oxygen, p. 352 
G input vector giving increase in concentration of a substance, during displace- 
ment through o, due to its addition and destruction, p. 416 
g exchange coefficient for temperature, p. 448 
H temperature rise per tidal cycle due to heat addition, p. 449 
h temperature displacement matrix, p. 449 
percentage loss of weight of solids on ignition (Ch. 11) 
I rate of increase in concentration of substance in estuary due to its addition 
from land sources, p. 412 (Ch. 15, 17) 
I the unit matrix, p. 419 
zi input vector similar to G but also allowing for formation of substance during 
displacement, p. 422 
K overall absorption coefficient for oxygen, p. 351 (Ch. 13) 
constant of proportionality (Ch. 16) 


(86724) 2P 
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k oxidation rate-constant for organic carbon, p. 211 
k? coefficient of non-determination, p. 131 (Ch. 6) 
L hypothetical oxygen demand, p. 211 (Ch. 8) 
mixing length, p. 399 (Ch. 12, 14, 15) 
l distance seaward of particular point, p. 400 
M percentage moisture content (Ch. 11) 
a mass or rate of change in mass (Ch. 12, 14, 15, 19) 


a mass (Ch. 13) 
- a mixing constant (Ch. 14) 


m a displacement matrix used in deriving [, p. 420 
N concentration of oxidizable nitrogen 
Nee concentration of ammoniacal nitrogen 
Ne concentration of organic nitrogen 
probability (Ch. 6) 
J oxygen-equivalent of concentration of ‘fast’ organic carbon, p. 421 (Ch. 15, 17) 
population (Ch. 16) 
Pals mixing proportions, p. 399 
|e oxygen-equivalent of concentration of ‘fast’ organic nitrogen, p. 473 
p a proportion—particularly that of organic matter considered to be oxidized 
at,‘slow’ rate, p. 227 (Ch, 9718919) 
Pp displacement matrix for ‘fast’ organic carbon or nitrogen p. 421 


oxygen-equivalent of concentration of ‘slow’ organic carbon, p. 421 (Ch. 15, 


discharge (generally total land-water flow) 
17—from p. 474) | 


QO’ oxygen-equivalent of concentration of ‘slow’ organic nitrogen, p. 474 
a discharge (Ch. 4) | 
q a distance (Ch. 15, 17) 
q displacement matrix for ‘slow’ organic carbon or nitrogen, p. 421 


rainfall (Ch. 4) 
multiple correlation coefficient, p. 131 (Ch. 6) 
R the gas constant (Ch. 8, 10) 
a ratio (Ch. 13) 
oxygen-equivalent of concentration of ammonia, p. 422 (Ch. 15, 17) 


correlation coefficient 
r a ratio (Ch. 12) 
an integer (Ch. 15, 16) 
r displacement matrix for ammonia, p. 422 
salinity (Ch. 2, 13) 
S concentration of dissolved sulphide (Ch. 10) } 
oxygen-equivalent of concentration of oxidized nitrogen, p. 422 (Ch, 15, 17) 
5 distance since start of displacement, p. 409 
s displacement matrix for oxidized nitrogen, p. 422 
T temperature in °C (Ch. 6, 8, 13, 16) 
oxygen deficiency, p. 423 (Ch. 15, 17) 
rie oxygen solubility (Ch. 15, 17) 


t time “ 


t 
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displacement matrix for oxygen deficiency, p. 423 


total ultimate oxygen demand, p. 221 (Ch. 8, 9, 12, 18) 
a distribution allowing for restricted nitrification, p. 423 (Ch. 15, 17) 


carbonaceous ultimate oxygen demand, p. 216 
nitrogenous ultimate oxygen demand, p. 221 
displacement velocity, p. 14 

displacement matrix for oxidation of ammonia, p. 422 


volume (Ch. 13) 
a distribution allowing for reduction of oxidized nitrogen, p. 424 (Ch. 15, 17) 


wind speed (Ch. 13, p. 358) 
current speed (Ch. 13, p. 366) 


displacement matrix for removal of oxygen by oxidation of ‘fast’ carbon, p. 423 
a distribution allowing for sulphate reduction, p. 424 

distance between chosen points, p. 415 

displacement matrix for removal of oxygen by nitrification, p. 423 


a mixing constant, p. 401 (Ch. 12, 14, 15) 
concentration of unspecified substance (Ch. 15—from middle of p. 418) 


distance along estuary 


general displacement matrix, p. 418 


from p. 419) 


concentration of dissolved oxygen (Ch. 6) or unspecified substance (Ch. 15— 
a mixing constant, p. 401 (Ch. 12, 14, 15) 


oxygen uptake, p. 211 (Ch. 8, 9) 
surface width of estuary (Ch. 12, 13, 16), or lateral space co-ordinate (Ch. 14) 


aeration or effective depth, p. 352 (Ch. 13, 15, 16, 17), or vertical space 
co-ordinate (Ch. 14) 


temperature coefficient of exchange coefficient (Ch. 13) 
distances, p. 415 (Ch. 15) 


rate of increase in concentration of one substance due to formation from another 
substance during displacement, p. 420 


a displacement vector which is part of I, p. 420 


a temperature coefficient (Ch. 8) 
temperature rise due to heating, p. 448 (Ch. 16) 


exponential rate-constant of nitrification, p. 218 
the mixing matrix, p. 418 
eee deviation or standard error of estimate (Ch. 6, 16) 


displacement in time 7, p. 409 (Ch. 15, 17) 


a time (Ch. 2) 
a representative time—generally 1 or 2 tides, p. 400 (Ch. 14, 15, 16, 17) 


general function of destruction of a substance, p. 409 (Ch. 15) 
rate of loss of heat, p. 448 (Ch. 16) 


conversion factor for oxygen equivalents, p. 420 
2P* 
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ABBREVIATIONS 


The list of abbreviations which follows includes all those used in the text, apart from some in 
common usage. Additional abbreviations used in particular tables and diagrams are defined as they 
occur. 


ACE automatic computing engine ~ 

B.O.D. biochemical oxygen demand (defined on p. 572) 
B.S. British Standard 

Bo. te British Summer ‘Time 

Btu British thermal units 

C.E.G.B. Central Electricity Generating Board 

deg degrees, temperature difference 

DEUCE _ digital electronic universal computing engine 
gal Imperial gallons 

G.M.T. Greenwich Mean Time 

LCG} London County Council 

In natural logarithm 

log common logarithm 

m.g.d. million gallons per day 

mil gal million gallons 

m.p.h. miles per hour 

M.W.B. Metropolitan Water Board 

O.D. Ordnance Datum 

Bea. Port of London Authority 

p.p.m. parts per million (mg/l—but by volume for mixtures of gases) 
Qtr quarter (of year) 

So dike standard temperature and pressure 

LOOM DE ultimate oxygen demand (defined on p. 221) 
W.P.R.L. Water Pollution Research Laboratory 

im microns = 10-3? mm 


UE 


micrograms 
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CONVERSION FACTORS 


A mixed system of units is used in this Report. In general, British units are used for the field 
work and metric for laboratory experiments. 


TO METRIC UNITS 


The factors given below convert all the British units used into metric units. 


Length 
Lin. = 2-54 cm 
1 ft = 30-48 cm 
1 yd = 0-914 m 


1 mile (statute) = 1-609 km 


Area 
ift® = 929 cm? 
1 acre = 4047 m? 
1 square mile = 2:59 km? 


Volume and Capacity 
1 fluid oz = 28-4 ml 
1 gal = 4°55 |. 
Pit? = 90-0233 m° 
1 fluid ton = 1-018 m3 
1 mil gal = 4546 m? 


Discharge 
L ft/s = 101-9 m*/h = 0-0283 m3/s 
1 m.g.d. = 189-4 m?/h = 0-0526 m?/s 


Mass or Weight 
1 Ib = 0-454 kg 
1 ton = 1-016 tonne 


Velocity or Speed 
1 ft/s = 30-48 cm/s 
1 m.p.h. = 1-609 km/h = 0-447 m/s 


Heat and Power 
1 Btu = 252 cal 
10° Btu/day = 12-2 MW 


Temperature Differential 
1 degF = 3 degC 


TO OTHER UNITS 


Other conversion factors, applicable to alternative British units are: 
1 ft? = 6+23 gal 
Ium.g.d. = 1-86 it®/s 
Pmep.h, ="1+47 ft/s 


Conversions to American units are: 
1 gal (Imperial) = 1-2 gal (U.S.) 
1 ton (long) = 1-12 ton (short) 
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186, 295, 556, 565, 302 
exchange coefficient for, 331 
formation 
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errors in determination of extent, 487-490 
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indicated by redox potential, 259 
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in bottom deposits, 192-193, 260-261, 331 
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effect of delays in, 63, 105 
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of estuary water, 104-106, 532, 572-574, 304 
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estuary water, 101 
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as source of estuary pollution, 92, 243, 320, 130, 134 
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Research Committee, 243 
Autocatalytic reactions, kinetics of, 218 
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acclimatization to temperature, 262 
carbon content, 321 
denitrifying (see also Denitrification), 247-248, 250, 
253 
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in nutrient media, 203, 218, 248, 259, 261-262, 162, 
574 
utilization of substances in, 216-217, 222, 247, 249, 
255-256, 92, 272-273, 102 
in bottom deposits, 255, 313, 119 
in estuary water, 200, 132, 212, 256, 92 
in sewage effluents, 101 
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in soil, 247 
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76 
nitrifying (see also Nitrification, Nitrobacter, and 
Nitrosomonas), 203, 212, 220, 222 
sulphate-reducing (see also Sulphate, reduction), 200, 
255-256, 92, 259, 264, 97, 313, 119, 574 
Bakelite factories—see Industrial wastes 
Bankside Power Station, 
aeration of cooling-water, 92, 528, 567-568, 303 
effects of flue-gas washing, 90-92, 86, 239-240, 257, 
468, 535, 562-563, 301 
heat discharged, 157 
outfalls, 428 
temperature variations near, 234 
Barking 
Creek (see also Roding, River), 
discharge of sewage effluent to, 64 
silting of, 98 
Enquiry on sewage discharge, 98 
foreshore condition, 98, 101 
inhabitants, complaints by, 98 
Power Station, 232, 157 
Reach, deposits, 99, 70, 308-309, 172-113, 115, 324-325, 
132 
absorption of oxygen by, 138, 70 
silting at, xv, 98 f 
Barnes Power Station, 157 


Barrow Estuary, deposits, 117 
Battersea 
Bridges, temperature variations at, 165, 166 
Power Station, 
aeration of cooling-water, 528, 567-568, 303 
effects of flue-gas washing, 90-91, 86, 239-240, 257, 
127, 468, 535, 562-563, 301 
heat discharged, 232, 157 
effect on temperature, 455, 249 
outfalls, 428, 435 
sulphate from, 257 
temperature variations near, 435, 164, 234, 166 
water supplies from, 94 
Beam River, 6, 42-45 
composition, 41-43, 43-44, 18, 24-25, 223, 79, 137 
Dagenham Breach, denitrification in, 44 
flow, 42, 17 
polluting load, 44, 27, 47, 87, 123, 162, 177 
24-h survey at Hornchurch Sluice, 43-45, 42-43, 18, 
Siz 
Beckton Gas Works, 90, 48, 86, 239, 127, 159, 177 
Belvedere Power Station, 337, 428, 524 
aeration of cooling-water, 326, 337-339, 191-192, 145, 
562, 563 
heat discharged, 523-524 


Beverley Brook, 25, 6, 30-31 

composition, 31, 28, 23-25, 79, 137 

flow, 31, 10 

polluting load, 27, 47, 87, 123, 162, 177, 493 
Bicarbonate ions, as source of carbon for bacteria, 218 


Biochemical activity, heat liberated by, 427, 433, 163, 
447 


Biochemical oxygen demand—see B.O.D. 
Biological 
examination of fresh-water discharges, 41, 43, 46, 48 
treatment of sewage—see Sewage, treatment of 


Black Deep, 
dumping of sludge and dredging spoil, 64, 72, 162-163, 
243, 278, 316, 319 
return of dumped material from, 162, 243, 324 


Blackfriars Bridge, temperature variations at, 166 


Black Sea, mud from, ' 
decomposition of protein in, 255-256 
sulphate-reducing bacteria in, 255 


Blackwall 
Power Station, 157 
Reach, deposits, 132 


Blackwater Estuary, deposits, 117 

Bleaching powder for treatment of sewage, 101 
Bleak, 102 

Board mills—see Industrial wastes 


B.O.D. 
determination, 63-64, 70, 179, 572 
Lederer’s method for, 247, 254, 459 
dilution water, 203 
dissolved-oxygen distribution, calculation from, 179 
effect 
of delays in analysis, 63, 28 
of nitrification during incubation, 25, 63-64, 518, 
536-537 
of salinity, 179, 202-203 
of suspended solids, 179-181, 109, 63, 329, 364, 533 
on reaeration, 376, 383, 217, 500, 502 
estimation from permanganate value, 25, 88, 47, 499 
estimation of rate of utilization of oxygen from, 326 
limitations of, 63-64, 92 
load, 
calculation of, 535 
lost to sea by displacement, 329 
of fresh-water discharges, 12, 15, 18, 59, 26-27, 47, 
241, 87-88, 182 
of industrial discharges, 90-92, 48-49, 86, 88 
of sewage effluents, 70-77, 33-38, 79-80, 40-42, 82, 
49, 80-81, 147, 232, 83-84, 88, 496, 507, 518, 
535, oe 
of storm sewage, 86-89, 46-47, 92, 49, 237, 85, 88, 
530-531, 182 
total, 92, 49, 497 
uses and limitations of, 202, 226, 535-536 
of crude sewage, 71-72, 34, 74, 36, 77-78, 39 
of dredging spoil, 307-308, 1/2 
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B.O.D. (contd.) 
of estuary water, 329, 216, 383 
effect of L.C.C. discharges on, xxv 
in 1951-54, 179-182, 107-110, 63, 364-365 
of fresh-water discharges, 25-26, 28-36, 25-28, 31, 12, 
34, 38, 37, 15, 41, 39, 41, 43-48, 43-47, 18, 50, 
22, 24-25 
of mud from Barking Reach, 69 
of settled sewage and sewage effluents, 70-77, 33-38, 
79-82, 53, 40-42, 232, 82, 235, 375-376, 383, 507, 
518, 528-531 
used in aeration experiments, 7/ 
of storm sewage, 85-89, 55-56, 45-47 
relation to 
effective carbonaceous oxygen demand, 227 
organic carbon, 216, 228-229, 145, 234 
organic nitrogen, 235, 149 
other sewage constituents, 536 
oxidizable nitrogen, 145, 229 
permanganate value, 25, 88, 47, 499 
U.O.D., 63, 145, 229 
3-hour, 181-182, 111, 364 
calculation of exchange coefficient from, 364-366, 197 
effect of light on, 176-177, 103-104, 62, 365 


Borehole water, use in control toxicity tests, 528 


Bottom deposits (see also Mud), 168, 278-325 
analysis, methods of, 278, 287, 295, 575 
anaerobic fermentation in, 193 
composition, 278, 288-293, 106-110, 177-178, 295, 309, 
eS, 
calcium, 106-107, 182-183, 306, 575 
loss on ignition, /06-110, 292, 178, 295, 182-184, 
304, 306, 575 
magnesium, /06—107, 182-183, 305, 575 
moisture content, 70, 106-110, 178, 294-295, 301-302, 
181-183, 304-310, 112-115, 320, 575 
organic carbon, 70, 288, J06-J10, 292, 177-179, 
294-295, 301-308, 182-184, 113-114, 310-311, 
116-118, 327, 132, 575 
oxidizable nitrogen, 70, 106-110, 178, 295, 301-308, 
182-184, 310-311, 116-118, 327-328, 132, 575 
particle size, 278-279, 287, 103-105, 176, 292, 
178-181, 109-110, 302, 311, 118 
sesquioxides, 288, 106-107, 178, 182-183, 304, 306, 
575 
silica, 288, 106-107, 292, 178, 181-182, 302-306, 
JME EIS 
sulphide, 256, 260, 263-264, 98, 106-108, 292, 178, 
182, 304, 132, 340, 533, 575 
variations between duplicate samples, 301 
variations with depth, 301, 1/0 
core samples, 295-301, 109 
dredging spoil, 307-309 
grab samples, 278-295 
in docks and tidal basin, 293-294, 107, 307-311, 
112-115, 132 
oxidation, 202, 204-207, 135-138, 69-70, 214, 278, 569 
physical nature, 279-287, 104-105, 176, 107-110 
sampling, methods of, 278-279, 175, 295, 307, 575 
seaward of Southend, 243 
specific gravity, 295, /09-110, 301, 308, 1/4, 312-313, 
185, 320 
surveys in 
1949-1950, 278-294, 175-180, 105-109 
1953-1954, 307-308, 112 
1958-1959, 308, 113 
1959, 278, 295-301, 108-110 
1960, 308, 114 
Boundary of estuary, 
landward, 4 
assumption of conditions at, 466, 487, 508-510 
seaward, 4 
assumption of conditions at, 418, 466 
exchange of substance across—see Sea 
Bow Creek—see Lee, River 
Brent, River, 25, 6, 30 
composition, 30, 27, 23-25, 137 
flow, 30, 9 
polluting load, 27, 47, 87, 123, 162, 177, 493 
Brentford Gas Works, /59 
Brentwood Urban District Council, 46 
Breton’s Farm Sewage Works, 43 


Breweries—see Industrial wastes 


British Electricity Authority—see Central Electricity 
Generating Board 


British Transport Dock Board Research Station— 
see Docks and Inland Waterways Research 
Station 


Broadness, 
disposal of dredging spoil at, 278 
erosion of banks at, 323 
flow patterns near, 19 
occurrence of algae off, 175-176 


Brunswick Wharf Power Station, 428 
Brush aerators, possible use for aerating estuary, 567 
Bugsby’s Reach, deposits, /32 


Buoys, 
D4, 329 
Knob, dumping of sludge at, 319 
Knock John, 343-344 
dissolved-oxygen content at, 343, 1/42 
Tilbury, redox potential of mud at, 95 


Burnham-on-Sea, deposits, //7 


Cadmium acetate as absorbent for hydrogen sulphide, 
261-262, 574 


Calcium—see Bottom deposits 


Calculation of distributions of dissolved substances 
(see also Adverse summer conditions, Ammonia, 
free and saline, Conservative substances, 
Oxygen, dissolved, Nitrogen, oxidized, Prediction, 
and Temperature), 

additivity of discharges, 411-413, 538 
application to 
management of Thames, xvi, 564-565 
other estuaries, xxiv—-xxv, 532-533, 536 
errors in, xvii—xix, 500-504 
information required for, 407 
methods, 407-426, 463-479, 504-505, 508 
allowance for changes in concentration by 
conversion to another substance, 408-409, 415-416, 
419-420, 472-479, 256, 179 
denitrification, 424, 475-480, 179, 497, 512, 516 
dilution, 408, 411, 417, 463, 538-539 
displacement, 408-410, 415-417, 154, 463-466 
entry from land sources, 408-409, 412, 467-474, 
176-178 
formation in estuary, 408-409, 419-420, 473-474 
loss from water, 408 
mixing, 408, 410, 417-418 
restricted nitrification, 423-424, 475-480, 256, 
179, 497, 511-512, 516 
sulphate reduction, 424—425, 475-480, 179, 497 
assumptions on 
boundary conditions, 418, 466 
rate of carbon oxidation, 228, 407, 421, 459-462, 
487, 504 
rate of denitrification, 421, 459 
rate of formation of ammonia, 224, 228, 468 
rate of nitrification, 224, 421, 460 
sulphate reduction, 421, 459 
tidal conditions, 409 
equilibrium conditions, xvii—xvili, 410, 413-414 
for particular quarter, 463-479 
for particular substances, 411-420 
for steady discharge, 409 
for unspecified substance, 408-411 
interval between calculated points, 410, 415-417, 
154, 463, 480, 524, 539, 564 
modifications to suit computer size, 480 
object, xvi, 407-408 
solution of equations, 413, 415-420 
uniqueness of solution, 413-414 
upper reaches, special considerations, 410-411 


Canal, proposed, Portsmouth-London, 95 
Candle works—see Industrial wastes 


Candle filtration of 
Stevenage sewage, 95 
Thames water, 223 


Canvey Island 
Pumping Station, 81, 42, 84, 125, 177 
sewage works proposed, 81 
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Carbon 
dioxide 
as bacterial carbon source, 218, 222 
evolved in bottom deposits, 193, 269, 315, 121 
/nitrogen ratio 
of bottom deposits 
in Thames, 310-311, //6, 118 
in other British estuaries, 311, //7 
change on storage, 311 
of dredging spoil, 310-311, 116 
of marine algae, 311 
of sewage solids, 311 
relation to particle size, 311, 1/8 
organic, 
assimilation by bacteria, 216 
calculated distributions of, 421-422, 474-475, 255 
calculated effects of discharges of, 514-515, 283, 
538-540, 184-185, 295-297, 555-556, 565, 302 
changes in concentration during denitrification 
experiments, 251, 90 
determination, 572, 575 
effects of insensitivity in, 44, 223 
division into ‘fast’ and ‘slow’ components, 216-217, 
226-227, 536 
proportions of ‘fast’ and ‘slow’, 227-228, 231, 
234-235, 240-241, 246, 540, 183 
entry to estuary, rate of, 467-472, 177 
‘fast’, effects of unit inputs of, 538-540, 184, 295-297, 
555-556, 564-565, 302 
in bottom deposits, 288, 06-110, 292, 177-179, 
294-295, 301-308, 113-114, 327, 132, 182-184 
in cellulose, 321 
in fresh-water discharges, 12, 38, 15, 44, 18, 50, 25 
in sewage and sewage effluents, 39, 232-233, 82, 507 
during aeration experiments, 7], 73 
in storm sewage, 468-469, 177 
oxidation—see Oxidation, carbonaceous 
oxygen required for oxidation, 216, 321, 537 
relation, 
to B.O.D., 216, 228-229, 145, 234 
to carbonaceous U.O.D., 216, 227 
to organic nitrogen, 235, 149 
to oxidizable nitrogen, 145, 229, 310-311, 116-118 
‘slow’, effects of unit inputs of, 538-540, 185, 295 
unoxidizable, 216, 347, 458, 536 


Casella displacement sampler, 572 
Cellulose, carbon content of, 321 
Central Electricity Authority—see next entry 
Central Electricity Generating Board (see also 
Electricity-generating stations), xxviii, 91, 337, 
427-429, 231, 455, 250, 303 
Cesspools, 94-95 
Charcoal for making manure from sewage, 95 
Chelsea Bridge, temperature variations at, 166 
Chemical treatment of sewage—see Sewage, treatment of 
Chemical works—see Industrial wastes 
Chicago River, artificial aeration of, 566 
Chiswick, 
fish at, 102 
penetration of sea water to, 100 
Chloride (see also Salinity), 
determination, 572 
in estuary, 100, 102, 169 
variation over cross-section, 390, 219 
in fresh-water discharges, 16, 25, 28, 30, 32-33, 38, 41, 
43, 46-48, 257 
in sea water, 16 
relation to salinity, 16, 572 
relation to sulphate content, 257, 158 
Chlorination of sewage effluents, 101, 200 
Chlorococcales, 175-176 
Chlorophyceae, 102, 175-176 
Cholera, 94 


Chromic acid method for determining organic carbon, 
572 
Clay, 
chemical composition, 306-307 
in bottom deposits, 104, 287, 292, 107-109 
particle size, 103 7 


Clostridium welchii, denitrification by, 248 
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Coal, 
domestic, U.O.D. of, 223 
spillage to estuary, 242, 320 


Coalhouse Point, volume of estuary above, 323 
Cobalt as catalyst, 353, 360 
Cobbles, particle size, 103 


Coefficient, 
absorption, 
for hydrogen sulphide, 341 
for oxygen, 344, 351-352 
determination, 353 
temperature coefficient, 372 
units, 353 
activity, value assumed in equilibria studies, 265 
correlation, 
multiple, 131 
between oxygen and other factors, 132-138, 56-57 
partial, 131 
between temperature and other factors, 443 
rank, 357-358 
total, 131 
between oxygen and other factors, 132-138, 56-57 
escape, 352 
exchange, 
ammonia, 331 
heat, 448-449 
in estuary, 448-452, 244, 172 
in River Lee, 452 
hydrogen sulphide, 341 
oxygen—see Exchange coefficient for oxygen 
EXity oz, 
non-determination, 131 
applications, 132-133, 56-57 
partition, for hydrogen sulphide, 267 
temperature—see Temperature, effect on 
Coke-breeze as filter medium, 101 
Colne Estuary, deposits, 117 


Colour, 
of fresh-water discharges, 38 
of water in anaerobic reach, 171 
of suspended matter, 265 


Computer, 
ACE, 415, 449-450 
DEUCE, 415, 480 
capacity, 425 
running times, 425-426 
preparation of data, 467, 472 
size, effect on methods used, 480 
use of, in calculating 
distribution of dissolved substances, 410, 415, 
425-426 
mixing constants, 406, 570 


Conduction, loss of heat from estuary by, 447 
Conductivity, electrical, of fresh-water discharges, 38 


Conservative substances, 
calculation of concentration, 407, 414 
definition, 407 
displacement matrix, 417 
effect of unit inputs of, 538-540, 190, 563-564 


Contact beds for sewage treatment, 101 


Contamination, effect on reaeration, 366-367, 374-382, 
206-215, 150-151, 217 


Conversion factors, 581 

Cooling rate—see Coefficient, exchange, heat 
Cooling-water—see Electricity-generating stations 
Core sampler, Livingstone, 295 

Correlation coefficient—see Coefficient, correlation 
Corringham Sewage Works, 81, 42, 84, 125, 177 
Corrosion attributed to sulphide, 1, 265 

Cost of intercepting sewers, 97. 


Crane, River, 6, 29 

composition, 29, 26, 23-25, 137 

flow, 29, 8 

polluting load, 27, 47, 241, 87, 123, 433, 162, 177, 493 
Cray, River, 6, 25-26, 46-47 

composition, 47, 45, 25, 363, 137 

flow, 46, 20 

polluting load, 27, 47, 87, 123, 177 
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Crossness, 
algae off, 175-176 
temperature off, 238, 443, 170-171, 240 
Cross-sectional area, 4, 1, 396 
Cross-sections, 
transfer of a substance through during one tide, 393-394 
variations, 
chloride, 390, 219 
dissolved oxygen, 17, 172, 101, 390 
dissolved substances, 390 
salinity, 17-19, 390, 395 
. suspended solids, 323, 364, 457, 533 
temperature, 17, 434-437, 164-167, 234 
velocity, 17 


Crouch Estuary, 
deposits, 117 
effect of detergents on settling rate of mud from, 387 
proposed sewage discharge to, 96 
surface-active agents, 387 
water, use in experiments, 373, 387 


Croydon Sewage Works, 31 


Culture media, for sulphate-reducing bacteria, 261-262, 
162, 264, 97 


Cyanide in estuary water, 529 
Cyclotella, 175-176 


Dace, 102 
Dagenham, 
aeration experiments in estuary water from, 384, 15] 
Breach—see Beam River 
Sewage Works, xxi, 46, 48, 79, 244, 528 
composition of crude sewage, 79 
composition of effluent, 79, 40, 235 
flow, 79, 40, 42 
maximum oxygen depletion due to, 1/82 
polluting load, 79, 40, 42, 84, 151, 125, 177, 485, 182 
Darent, River, 6, 26, 46-47 
composition, 47, 45, 25, 336, 137 
flow, 46, 19 
polluting load, 27, 47, 87, 123, 177 
Dartford Creek—see Darent, River 
DDT factories—see Industrial wastes 
Deben Estuary, deposits, /17 
Dee Estuary, deposits, 117 
Deficit ratio at weirs, 335-338 
Delaware Estuary, mixing in, 392 
Denitrification, 159, 184, 247-255, 407, 569 
allowance in calculations of estuary condition, 424, 
475-480, 179, 497, 512, 516 
assumptions in calculations, 421, 459 
course of, 247-249, 89, 152 
effect of dissolved oxygen, xviii, 249-253, 153-154, 90, 
363, 459, 252, 537 
effect of organic nutrients, 249 
effect of temperature, 249, 250, 253-254, 156, 9/ 
effect on dissolved oxygen, 129, 141-143, 516 
end-products, xviii—xix, 247-249, 327, 329-331, 133, 
341-342 
in Dagenham Breach, 44 
in mud deposits, xviii, 254-255, 157, 497, 503 505, 537, 
in upper reaches of estuary, 250 
organisms causing, 247-248 
rate of, 254-255 
Density of bottom deposits—see Bottom deposits, 
specific gravity 
De-oxygenating agents, 
nitrogen, 367 
sodium sulphite, 353, 360, 367 
Deposition of solids 
from atmosphere, 243 
in estuary (see also Bottom deposits and Mud) 
effect of movement of L.C.C. outfalls, 506, 515-516 
effect on dissolved-oxygen distribution, 457-459, 
506-507, 279, 510, 513 
effect on polluting loads, 92, 217, 77, 227-228, 
326-328, 331-332, 134, 457-458, 469, 177 
effect on rate of dredging (see also Dredging), 
506, 570 
rate of, 327, 506, 570 


Deptford 
Creek—see Ravensbourne 
Power Station, 428, 232, 157 
temperature at, 441-442, 238-240, 171 


Depth, 
aeration, 352-353 
of bottom deposits, variation in composition with, 
301, 110 
of water, in estuary, 
total, 4, 1 
variation of 
oxygen with, 172, 100, 436 
pH value with, 182 
salinity with, 17-18, 15, 3, 390 
temperature with, 436, 235 


Destruction of substances in water, 409, 414-417 
Desulphovibrio, 255 


Detergents, synthetic, 
composition, xxii, 386-387, 527 
consumption, 386 
deterioration attributable to, xxii, 167, 387, 499-500 
determination, 376, 574 
effect on 
oxygen balance in estuary, xxii, 526-527, 291 
reaeration of 
estuary, 383, 217-218, 385, 387, 499-502, 1/80, 
526-527, 291, 569 
fresh water, 376-380, 209-210, 150, 214 
saline water, 377-380, 211-213, 217, 383 
sewage treatment, xxii, 75 
suspended solids, 387 
in Acton sewage, 78, 39 
in Crouch and Roach Estuaries, 387 
in fresh-water discharges, 31, 41, 43, 46, 48 
in sewage effluents, 386 
in Thames Estuary, xxii, 199, 131, 383, 386, 152 
introduction of, 386-387 
changes in dissolved oxygen following, 385-387, 
499-500, 275 
U.O.D. attributable to unoxidizable residues, 222, 232 


Deterioration in condition of estuary, 1, 94, 59-63, 
129-130, 141, 70, 79, 158-162, 84-89, 164-166, 363 
allowance for in regression analysis, 130-131, 57, 139 


DEUCE, digital computer, 415, 425-426 
Devarda’s alloy, use in nitrate determination, 574 
Deviation, standard, definition of, 131 

Diatoms in estuary, 174-176, 102, 345 


Diffusion of gases between air and water, 
hydrogen sulphide, 265, 272 
oxygen (see also Exchange coefficient for oxygen), 
358 


Diffusivity, eddy, 393, 395 


Dilution, effects of, 
of effluent before discharge, 534 
on substances discharged, 1, 408, 411, 417, 463, 174, 
538-539 


Dinoflagellates, absence from estuary, 175 
Discharges, polluting—see Polluting discharges 
Diseases attributed to pollution, 94, 96 


Dispersion of dissolved substances in estuary, 
curves for, 395, 221, 224-225, 399 
during one tidal cycle, 395-396, 221 
during successive tidal cycles, 398, 224 
impracticability of direct measurement, 397-399 
initial, 469-472, 176-177 
result of three simultaneous processes, 395, 398 


Displacement 
by land-water flow, 14, 13, 395, 397-398, 463, 174, 

466-467, 472, 535-536, 538 

changes in concentration due to, 364-365, 408-410, 

415-417, 154 

effect of changes in flow, 538-539 

loss from estuary due to, 
ammonia, 217, 77, 329 
B.O.D., 329 
dissolved oxygen, 339-340, 138, 145 
dissolved substances, 329 
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Displacement (contd.) 
by land-water flow (contd.), 
loss from estuary due to (contd.), 
organic nitrogen, 77 
suspended solids, 243, 320, 323, 326 
U.O.D., 327, 134, 347 
method of calculating, 463 
of nitrate from upper reaches, 247 
by mixing, 396-397, 402, 153 
matrix—see Matrix, displacement 
Dissociation constant for hydrogen sulphide, 267 
Distances, expression of, 4, 104 
Distilleries—see Industrial wastes, discharged from 
fermentation industries 
Docks, 4 
deposits in, 278, 293-294, 107, 307-311, 112-116, 185, 
JES SINS, Sw STS SPAN 10228, 
reaeration in, 356, 146, 358 
Docks and Inland Waterways Research Station, 
investigation of suspended solids in Humber by, 533 
loan of wave tank by, 360 
Drainage, 
land, pollution by, 61, 89 
main, system of London, 95 
street, pollution by, 94 
‘Dreadnought’ Hospital Ship, temperature measure- 
ments at, 441 
Dredging, 
by Port of London Authority, 278, 316, 320, 129, 327, 
132, 506 
by various authorities, 320, 129, 327, 132 
capital, 320, 129 
curtailment during war, 164 
effect on mud-bank formation, 99 
effect on tidal mixing, 395 
effects of major changes in, 506-507 
maintenance, 320, 129, 327 
of navigable channel, 506 
rate of, 132, 506 
removal of oxidizable matter by, 92, 217, 227, 326-328, 
331-332, 134, 340, 140, 347, 457-458, 469, 177 
removal of solid matter by, 320, 130, 327 
spoil, 
composition of, 
B.O.D., 307-308, 112 
moisture content, 307, 1/2—115, 309-310, 320 
organic carbon, 308, 113-114, 310-311, 116, 327, 
132 
oxidizable nitrogen, 308, 113-114, 310-311, J16, 
327-328, 132 
specific gravity, 308, 114, 312-313, 185, 320 
sulphide, 132, 340 
U.O.D., 327-328, 132, 347 
dumping of, 
in water at 
Black Deep, 162, 278, 316 
Mucking, 141, 160, 162, 278, 316, 320 
various positions, 161-162 
on land, 278 
return to estuary of, 278, 324 
Drought (see also Adverse summer conditions), effect 
on oxygen content, 1, 129 
Drysdale’s aeration equipment at Belvedere Power 
Station, 337, 191 
Duke of Northumberland’s River, 25, 6, 29 
composition, 29, 26, 23-25, 137 
flow, 29 
polluting load, 27, 47, 87, 123, 433, 162, 177, 493 
Dungeness Point, proposed discharge of London sewage 
at, 102 


Dye works—see Industrial wastes 


East Greenwich 
Gas Works, 48, 86, 239, 127, 430, 159, 177 
Power Station, 429-430, 158 
East Ham Sewage Works, 80, 42, 84, 125, 177 
East India Dock, composition of mud from, 114, 115, 132 
‘Eau de Mer Normale’, 572 
Ebbsfleet Stream, 6, 26, 48 
composition, 48, 336, 137 


flow, 48 d 
‘Edinburgh’ Light Vessel, water temperature at, 
444-445, 241 


Effective load, 226-228 
approximate measure of, 88, 246, 182, 535 
carbonaceous, 
evaluation of, 227 
loss of, by deposition and dredging, 227 
relation to 
B.O.D. load, 232, 234 
U.O.D. load, 232 
sources of, greater than 10 tons/day, 244, 151 
limitations of, 228 
loss of, by deposition, 228 
nitrogenous, evaluation of, 227 
of fresh-water discharges, 241, 87-88, 244, 151 
of industrial discharges, 86, 88, 151 
of sewage effluents, 80-81, 231-232, 147, 83-84, 235, 
244, 88, 151, 507, 518 
of storm sewage, 237, 85, 88 
total from all sources, 88 
as proportion of total U.O.D. load, 244 


Effective oxygen demand, 228 
approximate measure of, 246 
carbonaceous, 227 

of sewage effluents, 231, 146 
relation to B.O.D., 227 
nitrogenous, 227 
of solids lost by deposition, 347 
Eighteenth century, conditions in, 94 


Electricity-generating stations (see also under individual 
stations listed on 428-430), 
aeration of cooling water at, 90-92, 326, 337-339, 
191-192, 145, 528, 562-563, 566-568, 303 
discharge of cooling-water from, 2, 31, 33, 38-39, 61, 
170, 562, 567 
points of discharge, 61, 48, 428, 435 
flue-gas washing at, 90-92 
effect of, 86, 239-240, 257, 127, 468, 535, 562-563, 301 
future development of, 231, 428-429, 455, 250 
heat rejected by, 427-430, 231-232, 157-158, 163, 
523-524 
effect on estuary temperature, xxii—xxiii, 2, 170, 264, 
455, 249-250 
plant, total capacity of, 428 
Electrode potential, standard, for ferric-ferrous system, 
266 


Embankment of Thames, 96-97 
Energy of activation of carbonaceous oxidation, 212-213, 
74 
English Channel, pH value, 182 
Equilibria, chemical, 
iron, 265-266, 99 
sulphide, 265-269, 100, 167 
Erith, 
proposed discharge of London sewage at, 96 
Rands and Reach, deposits, 132 
redox potential of mud at, 95 


Erosion of 
banks of estuary, 99, 323 
bed of estuary, 99, 255, 278 


Errors in prediction, xvii-—xix, 500-504 


Escherichia coli I, 
denitrification by, 248 
enumeration of, 574 
in bottom deposits, 313, 119 
in estuary, 200, 132 
respiration, effect of oxygen concentration, 76 


Essex County Council records, 41, 43, 46, 48 
Essex River Board records, 41-43, 16-17, 46, 48 


Estuaries, 
British, state of, xxv 
investigations of, xxiv—-xxv, 532-533 
types of, 390-391 


Evaporation, loss of heat by, 447 


Exchange coefficient for ammonia, heat, and hydrogen 
sulphide—see Coefficient, exchange 


Exchange coefficient for oxygen, 352-353 
absorption coefficient, relation to, 352-353 
determination, 

in estuary, 
direct, 354-359, 363, 366, 569 
validity of, 359-360 
from oxygen balance, 346-347 
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Exchange coefficient for oxygen (contd.), 
determination (contd.) 
in estuary (contd.), 
from 3-h B.O.D., 364-365, 197 
in laboratory experiments, 353-354, 359, 148 
in wave tanks, 359-360, 148, 369, 200 
effect of 
agitation, 368-371, 201-203, 375, 377, 209, 384 
B.O.D., 376, 383, 217, 502, 180 
contaminants in general, 367, 374, 382, 384-385, 
500-502, 780, 527, 569 
depth of flowing water, 366 
detergents, xxv, 376-380, 209-214, 150, 383, 217-218, 
385, 387, 499-502, 180, 526-527, 291, 569 
oil, 380-381, 215 
polluting load, 520 
rain, 370-371, 201-203 
reducing agents, 382 
salinity, 367, 373-380, 205, 208, 211-213, 382, 217, 
384, 500-502, 180 
settled sewage, 374-376, 207-208, 378-380, 150, 
212-213 
sewage effluent, 374, 206, 208, 378, 217 
soap, 375, 380, 214 
temperature, 358-359, 367, 372-373, 204, 217, 
383-384, 500, 180, 521 
velocity of flow, 366-367 
waves, 147, 357-358, 194, 369-370, 200, 385, 494, 569 
wind, 147, 357-363, 194, 196, 366, 368, 198-199, 385, 
494, 500, 780, 502, 569 
effect on oxygen content of changes in, 361-363, 195, 
149 
magnitude of, in estuary, 346-347, 366, 569 
apparent, 527 
effects of phytoplankton, 503, 527 
effects of residual U.O.D., 458-459, 251 
assumed for 
calculations in Chapter 17, 347, 458-459 
predictions in Chapter 18, 500, 502-503, 780 
average, estimated from 
direct determinations, 359, 366 
empirical equations, 366 
oxygen balance, 346-347, 366 
3-h B.O.D., 365-366 
magnitude of, in rivers, 366, 569 
nominal, 354, 368 
units, 353 
variation with 
position 
along estuary, 333, 346, 358, 382-385, 217, 494-495 
across estuary, 360 
season, 333, 346, 494, 497, 500-503, 780, 505, 527 


Fermentation industries—see Industrial wastes 
Ferric ions in water, 265-266, 99 


Ferrous 
ions in water, 265-267, 99-100 
iron in estuary, 268, 166 
sulphate for sewage treatment, 101 
sulphite in estuary, 171, 266 


Fish, 
death, causes of, 98-100 
in Barking Creek, 98 
in estuary, 94, 98-100, 102 
migratory, minimum changes for passage of, xx—xxi, 


527-529, 292 
Fisheries, 
between Deptford and London, 94 
in River Crouch, 96 
regulations in Middle Ages, 94 
salmon, conditions for maintaining, xx, 527 
Fjords, mixing in, 396 
Float experiments, 96, 100 
Flounder, 94, 102 
Flour mills—see Industrial wastes 
Flow, 


fresh-water (see also Teddington Weir, flow) 
and temperature, effect of seasonal changes in, 
555, 296 
changes in, comparison of observed and calculated 
effects of, 491-493, 269 


Flow (contd.), 
fresh-water (contd.), 
effect on 
anaerobic conditions, 151, 82-84, 60, 154-158 
contaminants, 382 
dissolved oxygen, 104, 106, 59-63, 126, 128-145, 
68-73, 56-58, 60, 82-83, 159, 161-162, 363, 
520-521 
summary, 145 
general conditions, 1, 534 
mixing constants, 402 
redox potential, 183 
retention period, 15-16, 14, 100, 212-213 
salinity, 21-24, 18, 22 
sulphate, 257 
sulphide, 158, 83-84 
temperature, 170, 434, 233, 451-453, 245-246, 248 
water level, 5-6 
effects of changes in minimum, xxiti, 143-145, 520-521 
effects of variations within quarter, xvii—xviii, 452, 
246, 466, 260-261, 485-488, 264, 500, 276, 504 
opposition to tidal flow, 395 
from sewage works, 61, 65-70, 49-52, 29-32, 72-80, 
34-38, 40-42, 82, 507, 518 
from factories, 61, 90 
land-water, 14, 12, 323, 329, 401, 407, 411, 417, 534-535, 
538-539, 555 
of fresh-water discharges (see also Teddington Weir, 
flow), 25, 29-32, 8-Il, 36-37, 13-14, 41-42, 
16-17, 46, 19-21, 48-49 
of storm sewage, 83-85, 43-44, 54, 88-89, 46-47 
pattern, at different tidal states, 395 
Flue-gas washing—-see Electricity-generating stations 
Ford Motor Company, 427, 430, 158 
Foreshores, condition of, 1, 95-96, 98, 101 
Foyle, Lough, deposits, 1/7 
Freshwater Biological Association, 174-176, 295 


Fresh-water discharges (see also under names listed 

in 6, 25), 1, 25-61, 6-27, 23-47, 92, 49 

aeration of, 566-567 

analysis, methods of, 572-574 

as sources of 
ammonia, 217, 77 
organic nitrogen, 77 
oxidizable matter, 278, 326 
oxidized nitrogen, 247, 341-342, 468 
oxygen, 326, 334-336, 137, 145 
solid matter, 99, 278, 316-317, 123, 130 

heat discharged by, 427, 432-433, 162-163 

organic carbon in, 468, 177 

oxygen deficiency in, 468 

polluting loads from, 223, 79, 240-241, 87-88, 134, 

468, 534 

effect on estuary, 510, 279 

24-h surveys of, 33-34, 32-33, 1/2, 38-39, 38, 15 

43-44, 42-43, 18 
Fuel Research Station, 315, 575 


Fulham 
Gas Works, 159 
Power Station, 232, 187, 234 


Future conditions—see Prediction of future estuary 
conditions 


Gales—see Wind 
Gallions Reach, mud from, /32 


‘Galloper’ Light Vessel, temperature measurements at, 
444 


Gas 
from mud deposits, 99, 313-316 
composition, 315, 121 
methods of sampling and analysis, 314-315, 575-576 
rate of evolution, 313-316, 120, 186-188, 343 
works—see Industrial wastes 
Grab sampler, Van Veen, 278 
Gravel in bottom deposits, 103-104, 287, 108 
Gravesend, 
fish at, 102 
Power Station, 157 
Reach, 
bottom deposits from, 
composition of, 287, 112-115, 308-310, 132 
evolution of gas from, 316, 188 
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Gravesend (contd.) 
Reach (contd.), 
bottom deposits from (contd.), 
oxidation of sulphide in, 272-273, 102 
redox potential in, 260, 160 
salinity variations in, 18-19, 4 
Sewage Works, 81, 42, 84, 125, 177 


Grease works—scee Industrial wastes 
Great Salt Lake, salinity and oxygen content, 350 


Greenwich, 
fish at, 102 
Observatory, 361 
air temperature at, related to water temperature at 
various points, 440-445, 169-171, 238-241 
wind records, 143, 359, 361, 502 
oxygen, dissolved, at, in 1922, 107, 50-5] 
temperature at, 
in 1922, 107, 50-51 
related to air temperature, 441-443, 169, 238-240, 171 


Griess-Ilosvay method of nitrite determination, 
modified, 573 


Half-tide position, xxiv, 7-8 
application, 6, 106-108, 50-52, 168, 401, 406, 570 
limitations, 8—9, 106 

Halfway Reach, deposits, 99, 132 

Hamford Water, deposits, 117 


Hammersmith, 
oxygen absorption by mud from, 206 
Power Station, 157 


Hampton, wind records, 362, 195, 149 
Ham Sewage Works, 80, 82, 42, 84, 177 
Hardness of fresh-water discharges, 38 


Health, 
effect of estuary conditions on, 96, 98-100 
Minister of, and abstraction from Thames, 26 


Heat 

balance, 447-449 

discharged to estuary, 427-433, 163 
by fresh-water discharges, 427, 432-433, 162-163 
by industrial discharges, 427, 430, 159, 163 
by power stations, 427-430, 231-232, 157-158, 163 
by sewage effluents, 427, 430-432, 160-161, 163, 447 
methods of estimating, 430, 432, 447 

exchange 
between water and air, 427 
coefficient—see Coefficient, exchange, heat 
mechanism of, 447 

liberated by biochemical activity, 427, 433, 447 

unit discharges of—see Unit inputs, of heat 

units, 427 


Heated discharges, effect on estuary 
condition, xxii—xxiii, 522-526, 287-290 
temperature, xxii—xxiii, 523-524, 288, 290 
Holehaven 
Creek, sewage effluent discharged to, 81 
water from, used in aeration experiments, 384, 75] 


Home Office, ‘Barking Enquiry’, 98 
Hopper ton, 320 
Hornchurch Sluice—see Beam River 


Housing and Local Government, 
Minister of, and abstraction from Thames, 26 
Ministry of, 
approval of diversion of Acton sewage, 77 
Departmental Committee on Effects of Heated and 
other Effuents and Discharges on the Condition 
of the Tidal Reaches of the River Thames—see 
Pippard Committee 
recommended methods of analysis, 572-575 


Humber Estuary, 
application of half-tide adjustment to, xxiv, 9 
investigation of, xxiv, 532-533 
suspended solids in, 533 
‘Humphreys, G. H.’, sludge vessel, sinking of, 105 
Hydraulics Research Station, xy, 324, 506 
Hydrochloric acid, removal of carbonates by, 104, 287 


Hydrogen 
in gas from mud deposits, 315, /2/ 
peroxide, oxidation of organic matter by, 104, 287 
sulphide (see also Sulphide), 
dissociation constant, 267 
evolution of, xv, 96, 171, 247, 533 
exchange between air and water, 265-272, 100, 331, 
340-341, 140 
in air, 1, 188, 194, 255 
determination, 268, 574-576 
factors affecting, 265-272 
nuisance caused by, xv—xvi, xxiii, 1, 188, 268, 533 
smell, detectable concentration, 268 
in bubbles, concentration of, 
changes in, during rising, 193, 270-272, 168-169, 
101 
from mud deposits, 269-272, 313, 12] 
oxidation of, 272-275, 170-174 
partition coefficient, 267 
sulphate as source of, 256 
undissociated, 
effect of pH value, 269, 167 
equilibrium with sulphide ions, 267, 100 
in estuary, 265, 341 
Hydrography, 4-24, 1-22, J—5, 61 
8-Hydroxyquinoline complex, determination of 
magnesium as, 575 


Ice-cream manufacture—see Industrial wastes 
Ignition, loss on 
determination, 574-575 
of bottom deposits, 106-110, 292, 178, 295 
relations with other constituents, 182-184, 304, 1//, 
306-307 
of inorganic matter, 306-307 ~ 


Illinois River, nitrification in, 219 


Improvement in condition of estuary 
after cessation of dumping at Mucking, 163, 91-92 
after introduction of aeration plant at Northern Outfall, 
93, 166-167 
after introduction of treatment plant in nineteenth 
century, 101-102, 162 
lack of, after reduction in polluting load, 164-166 
predicted, after improved treatment at Northern | 
Outfall, 496-498, 273-274 
India Docks, deposits, 132 


Industrial wastes, 
analysis, methods of, 572-574 
as sources of 
ammonia, 217, 77 
nitrate, 247 
organic carbon, 468, 177 
organic nitrogen, 77 
oxidizable matter, 278, 326 
oxygen, 326 
solid matter, 278, 319, 127, 130, 322 
discharged from 
bakelite factories, 78 
board mills, 2, 31-32, 48, 86, 239, 127, 159, 468, 177 
breweries, 77, 128 
candle works, 128 
chemical works, 48, 128, 86, 127, 177 
DDT factories, 78 
dye works, 78 
edible-oil refineries, 48, 86, 159, 177 
fermentation industries, 2, 90, 48, 86, 128, 127, 430, 
468, 159, 177 
flour mills, 48, 86, 127, 159, 177 
gas works, 2, 90, 48, 128, 86, 239, 127, 430, 159, 177 
grease works, 128 | 
ice-cream manufacture, 78 
margarine factories, 78, 48, 86, 127, 177 
meat-products manufacture, 78 
oil works, 128 
paint works, 78 
paper mills, 2, 48, 98, 128, 86, 239, 127, 430, 159, 468, 
177 
petroleum products and storage, 48 
plating works, 78 
power stations, 90-92, 86, 239-240, 127, 326, 427-430, 
231-232, 157-158 
soap works, 48, 78, 128, 86 
sugar refineries, 48, 237-239, 86, 430, 159, 177 
tanneries, 128 
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Industrial wastes (contd.), 
discharged to 
estuary, 1, 2, 61, 90-92, 94, 48-49, 128 
points of entry of, 61, 48, 86, 151 
sewers, 1, 2, 61, 71-72, 74, 77-78, 90, 128 
heat discharged in, 427, 430, 159, 163 
oxygen absorption by, 215, 239 
polluting loads from, 90-92, 48-49, 86, 239, 151, 134 
assessment of, 61, 237-240, 86, 468, 534, 536-537 
effect on estuary, 510, 279 
treatment plant for, 77, 79 
U.O.D. of, 222-223 
Ingrebourne River, 6, 46 
composition, 46, 44, 24-25, 137 
flow, 46 
polluting load, 27, 47, 87, 123, 162, 177 
Instruments used by W.P.R.L., 
absorptiometer, Spekker, 574 
colorimeter, Eel, 573 
Lea recorders, 67-68 
level-measuring gauge, 66—67 
pH meter, Cambridge, 572-573 
potentiometer, Tinsley, 573 
thermistors, 434, 448 
thermometers, recording, 431-432 
turbidimeter, recording, 195 
Iodine vapour lost in dissolved-oxygen determinations, 
350-351 
Ionic product for water, 266 
Iron (see also Ferric, Ferrous, and Sesquioxides), 
dissolved, determination of, 574 
in estuary, 265-266, 268, 166 
relation to sulphide, 263, 265-269, 165, 273, 171 
Irrigation with sewage, 95-96, 98, 100 
Iterative methods, use of, 410 


Kent River Board, records, 46-49, 19-22 
Ketchum’s theory of tidal mixing, 392, 220 
Kew, water from, used in aeration experiments, 384, /5/ 
King George V Dock, mud from, 
composition of, //2 
composition of gas from, /2/ 
Kingston 
Power Station, 432, 440 
temperature at, 
in 19th century, 440 
related to Greenwich air temperature, 440, 238, 442, 
240, 171 
Knob Buoy, dumping of sewage sludge at, 319 
Knock John Buoy, 343-344, 142 
Knudsen’s tables, for calculating salinity, 572 


Lake District, aeration experiment in stream in, 367-368 
Lakes, artificial aeration of, 566 
Lambeth 
Bridge, temperature variations at, 166 
Water Company, 94 
water from, used in aeration experiments, 384, /5/ 
Land filtration of sewage, 100-101 
Landward drift near estuary bed, 243, 324 
Lavender Docks, deposits, //3 
Lead peroxide, uptake of atmospheric sulphur dioxide 
by, 243 
Lederer’s method of B.O.D. determination, 247, 254, 
459 
Lee Conservancy 
Acts, 36 
Board, 36 
Catchment Board records, 36-38, 13-14 
Lee, River, 6, 25, 36-40, 35 
aeration at Three Mill Lane weir, 336 
composition, 38-39, 37-38, 15, 24-25, 79, 137 
cooling-rate of non-tidal reaches, 452 
flow, 36-37, 13-14 
polluting load, 27, 47, 87, 123, 433, 162, 177 
salmon fry released in, 102 
storm sewage entering, 87-89, 45-47 
24-h survey on tidal reaches, 38-39, 38, 15, 336, 572 
water supplies from, 36-37, 36, 14, 61 
Leeds, University of, 324-325 
Leigh-on-Sea Sewage Works, 82, 42, 84, 125, 177 


Length of Thames Estuary, 4, 396 
Light penetration into estuary, 178 


Lime for 
making manure from sewage, 95 
sewage treatment, 101 


Limehouse Reach, deposits, 132 


Littlebrook Power Station, 232, 157 
temperature variations near, 167 


Locks, evolution of gas in, 313 
Lombard Road Power Station, /57, 234 


London Bridge (see also Oxygen, dissolved, at, and 
Temperature of estuary at) 
as reference point, 4 
flow-oxygen relations at, 56, 140 
temperature-oxygen relations at, 56, 140, 146-147 
tidal level at, 5-6 
tidal range at, 6 
variations in composition over width at, 16, 101, 219 


London, City of, 
Corporation of, temperature measurements by, 441 
estuary condition in 19th century, 94 
sewers, control of, 95 


London County, population, 94, 101 


London County Council, 
establishment, 1, 101, 104 
estuary surveys by, xv—xvii, xxv 
sampling and analytical procedures in, 104-106, 168, 
186 
industrial discharges, acceptance of, 90, 128 
records of, xvi, xxvii, xxviii, 2, 104, 168, 334, 485, 491, 
500, 532, 570 
alkalinity, 28 
B.O.D., 28, 33, 59, 33-34, 179, 108, 235, 149, 329 
chloride, 28, 33, 169, 94 
comparison with those of W.P.R.L., 21, 168-169, 
94-95, 171, 99, 179, 108, 184-186, 114-117, 191, 
121, 195, 128, 431, 448, 489, 491 
industrial discharges, 128 
nitrogen, 
ammoniacal, 28, 33, 184, 114, 219, 230, 329-330, 
256, 476, 260-264, 491, 269, 276, 278 
inorganic, 186, 117, 491, 276 
nitric, 28, 33, 186, 116, 489, 491, 509 
nitrous, 28, 33, 185-186, 115 
organic, 230, 235, 149 
oxidized, 260-264, 491, 269, 276-278 
oxygen, dissolved, xvix, 28, 33, 104-106, 58-93, 
126-128, 172, 99, 333-335, 136, 260-266, 
487-488, 269, 276, 508-509, 278 
permanganate value, 28, 33 
pH value, 28, 33 
rainfall, 84-85, 44 
salinity, 20-22, 22, 94, 382, 216, 392, 220, 401, 403-404, 
229-230 
storm-sewage discharges, xxvii, 82-89, 54-56, 43-47 
sulphide, 188, 191, 121, 268, 491, 509 
surface-active agents, 386, 752 
suspended solids, 33, 195, 128, 317, 323, 329 
Teddington, water quality at, 28, 334-335, 440, 466, 
508-509 
temperature, 28, 33, 95, 170, 333, 335, 383, 216, 431, 
437, 168, 236-237, 440, 443, 448, 466-467, 500, 
508, 181, 511, 523, 288 
tidal levels, 5 
Wandle, River, 
composition, 33 
flow, 32, 11 
sewage, : 
acceptance of, from outlying areas, 77-80 
storm—see Storm sewage 
treatment, experiments on, 101 
works (see also Northern Outfall Sewage Works 
and Southern Outfall Sewage Works), 
effluents from, 
as major source of pollution, 64, 42, 98-100, 127, 
506 
calculated effect of altering points of discharge of, 
xxii, 506, 515-518, 284, 521, 539 
chlorination of, 101 
effect on B.O.D. of estuary, xxv 
effects of improvements in, between 1955 and 
1964, 516-518, 284 
sludge from, dumping of, 64, 72, 141, 162-163, 91 
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London County Council (contd.), 
sulphide production, observations on, 2 
Wandle, River, 

improvements of, 32 
survey of Lower Mills Weir, 31, 30 


London Dock, deposits, 132 
London Transport Executive, 427, 429-430, 158 


Long Reach, 
deposits, 132 
temperature variations in, 167 


Lots Road Power Station, 429, 158, 234 


Lower Hope Reach, 
deposits in, 287, 132 
proposed discharge of London sewage to, 96 


Luton Sewage Works, effluent composition, 216, 78 


Magnesium, 
determination, 575 
in bottom deposits, 106-107, 182, 304-305 
in sea water, 305 
salts, for making manure from sewage, 95 


Malaria, alleged relation to mud deposits, 96 
Management of Thames Estuary, xvi, xxiii-xxv, 554-565 
Manchester Ship Canal, deposits, 311 

‘Manoxol OT’—see Detergents, synthetic 

Manure from sewage, 94-96, 98 


Maplin Sands, proposed reclamation of, by sewage 
discharge, 98, 57 


Mardyke, 6, 48 
composition, 48, 46, 24-25, 137 
flow, 48 
polluting load, 27, 47, 87, 123, 162, 177 


Margarine factories—see Industrial wastes 


Marsh Farm Sewage Works—see Tilbury Sewage 
Works 


Matrix, 

banded, 419 

displacement, 417, 463-467, 174-175 
basic, 417, 419, 463-466, 174-175 
for ammonia, 422, 174 
for ‘ fast’ carbon, 421-422, 174 
for oxidized nitrogen, 422, 174, 466-467 
for oxygen deficiency, 423, 174, 467 
for ‘slow’ carbon, 421-422, 174, 474 
for temperature, 449 

equations, notation in, 418-420 

identity or unit, 419 

mixing, 418, 155 


Meat-products manufacture—see Industrial wastes 


Medway 

Estuary, 4, 59 
polluting load from, 241, 316, 331 
retention period in, 241 

River, 6, 25-26, 49 
composition, 49, 336, 137 

at Allington Sluices, 49, 22 

flow, 49, 21 
polluting load, 49, 59, 177 


Mersey Estuary, 
deposits, 
composition, 278, 292, 302, 182, 304-305, 307, 184, 
311 
free sulphur in, 340 
position of chief, 292 
source of, 322 
shape, 17, 397 
suspended solids, composition, 199, 130 
survey, 3, 532 
tidal bore, 17 


Meteorological Office—see Air Ministry 


Methane, 
bottom deposits, 
formation in, 260, 331 
in gas rising from, 315, 1/2] 
escape to atmosphere of, 193, 269, 331 
loss of U.O.D. by, 326-327,'331, 134 
oxidation of, 216, 331 


Metropolis 
Act (1855), 96 
Water Act (1852), 94 


Metropolitan Board of Works, 95-96, 57, 98-99, 101 
dissolution, 101, 104 
duties, 1, 95-96, 98-99 
establishment, 1, 95 
mud-bank formation, denial of liability for, 98-99 
records, 104-105, 126-127, 159, 86, 90, 161-162, 443 
sewage disposal, attempts at profitable, 98 
sewage treatment, experiments on, 101 


Metropolitan Commission of Sewers, 95 


Metropolitan Sewage and Essex Reclamation 
Company, 98 


Metropolitan Sewage Discharge, Royal Commission 
on, 99-100, 128 


Metropolitan Water Board, 
abstraction of water from River 
Lee, 36-37, 36, 14, 61 
Thames, xxiii, 10, 8, 13, 26, 61, 520-521 
records of River Lee quality, 38 
supply of water to Beckton Gas Works, 239 
Surbiton Works’ water used in experiments, 207 


Microscopic examination of mud, 100, 324-325 
Middle Ages, estuary condition in, 94 


Middlesex County 
Council, records, 29-30, 8-9 
Main Drainage Department—see Mogden Sewage 
Purification Works 


Millwall Docks, deposits, 132 


Mixing, 390-406 
as one-dimensional problem, 390 
asymmetry of, 221-223, 396-398 
possible representations, 399-400, 225 
changes in concentrations of dissolved substances by, 
408, 410, 417-418 
constants, 329, 399-406, /53, 227-228, 410 
effect of land-water flow on, 402 
evaluation of, 401-402 
by computer, 406, 570 
uncertainties in, 410-411, 466 
verification, 402-405, 229-230 
related to observable data, 400-404 
dispersion of substances by (see also Dispersion), xvii, 
100 
factors affecting, 395 
movement of centre of gravity, 396-397, 223 
displacement by, 396-397, 402, 153 
landward, 
of nitrate, 330 
of salt, 100 
of sulphate, 258, 94 
seaward (see also below, under exchange with sea), 
of nitrate from upper reaches, 247 
estuarine, theories of, 
Ketchum’s, 392, 220 
representation by simple differential equation, 
392-395 
limitations of, 394-395, 398 
exchange with sea by, j 
gain of 
dissolved oxygen, 339-340, 139, 145 
sulphate, 258, 94 ~ 
loss of 
ammonia, 217, 77, 329 
dissolved substances, 329 
organic nitrogen, 77 
residual U.O.D., 347 
suspended solids, 320, 326 
U.O.D:, 3276329 5 
flushing anomaly, 397 : 
in estuary of constant cross-section, 396 
lateral, in rivers and estuaries, 390 
length, 329, 399-400, 405-406, 417 
longitudinal, 
in upper and lower reaches compared, 396 
variation with tidal type, 390 
matrix—see Matrix, mixing 
process of, 395-398 
proportions, 329, 399-400, 228, 410 
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Mixing (contd.), 
representation of, 
in Thames, 399-407 
Maclaurin series for, 393 
transfer of salt by, 400-401, 226 
vertical, estuary classification by, 390 


Moffitt’s modification of Griess-Ilosvay method for 
nitrite, 573 


Mogden Sewage Purification Works, 2, 61, 75 
Acton sewage, proposed diversion to, 77, 244 
composition of effluent, 
B.O.D., xxi, 75, 37, 145, 232, 82, 234, 149, 507 
changes in, 2, 61, 75, 37, 244, 507, 513 
dissolved oxygen, 326, 336-337, 145, 468, 507, 567 
organic carbon, 232-234, 82, 145, 468, 177, 507 
oxidizable nitrogen, 145, 232-234, 82, 149, 507 
oxidized nitrogen, 82, 342, 493, 507 
oxygen absorption, 232-233, 148 
relations between constituents, 228-229, 145, 234-235, 
149 
temperature, 432 
U.O.D., 222, 145, 82, 233-234 
extensions, 2, 61, 75, 244, 506, 513 
flow, xxi, 75-76, 37, 42, 232, 507 
dilution in estuary caused by, 411 
polluting load (see also below, under sludge), 61, 75, 
37, 485, 507 
B.O.D., 75, 37, 42, 232, 234, 83-84, 507, 535, 182 
calculated effect on oxygen distribution, xxi, 510, 
279, 513-514, 282, 535-536, 182 
eos, 234-235, 83-84, 244, 151, 177, 493, 
507 
effective, 234, 83-84, 244, 151, 507 
heat, 432, 161, 447 
nitrogenous, 77, 234-235, 83-84, 507 
solids, 125, 322 
total, uncertainty in, 75, 466 
U.O.D., 234-235, 83-84, 134, 507 
sludge, 
surplus activated, discharge to estuary of, xix, 61, 75, 
232, 234-235, 244, 487, 507, 510, 513-514 
calculated effect of, 487, 513-514, 282 
estimated rate of, 75, 37, 235, 487, 513 


Moisture content—see Bottom deposits 


Molasses fermentation—see Industrial wastes dis- 
charged from fermentation industries 


Morecambe Bay, deposits, 1/7 
Mortimer apparatus for bacteriological sampling, 572 


Mucking, 
algae at, 175 
dumping of sludge and dredging spoil at, 162-163, 278, 
316, 319-320, 128-129 
effects on dissolved oxygen, 141, 160, 163, 91-92, 327 
landward movement of solids from, 324 


Mud (see also Bottom deposits), 
anaerobic processes in, 204 
Bank Enquiry, 98-99 
banks, 
formation of, 98-100 
positions of, in 19th century, 96-97 
effect of dissolved oxygen on conditions in, 260, 160 
denitrification in, xviii, 254—255, 157, 497, 503, 505, 537 
deposits, 
accumulation in central reaches, 95 
alleged danger to health, 96 
gas evolution from, 278, 313-316, 120-121, 186-187, 
343 
organic solids as source of, 278 
oxygen absorption by, 202, 204-206, 214, 569 
effect of tubificid worms, 205-206 
in estuary, 205, 69, 137 
in laboratory experiments, 204-205, 135-136, 69 
flats, suggested reclamation of, 96 
‘liquid’, 
gas evolution from, 316, 188 
occurrence, 255 
pH value in, 260 
protein decomposition in, 256, 92 
redox potential in, 256, 259-260, 95, 160 
sulphate-reducing bacteria in, 255-256, 92 
sulphide in, 
effect of temperature on formation of, 262-263, 
163-164, 96 


(86724) 


Mud (contd.), 

sulphide in (contd.), 
formation of, 256, 260, 264 
loss of, to air, as hydrogen sulphide, 265, 269-272 
oxidation of, 274-275, 172 
retention of, by iron compounds, 263 

sulphur in, 264, 98 
available for bacteria, 256 

suspensions, 
oxygen absorption by, 202, 138, 206-207, 70, 214 
sulphide formation in, 264 


Nag’s Head Lane Sewage Works, 46 
National Chemical Laboratory, 1, 200 
National Economic Development Council, 429 


National Physical Laboratory, xxvii, 415, 417, 419, 425, 
449, 480 


Native Guano Company, 98 

Navigable channel, 4 

Navigation, effects of mud banks on, 98-100 
Nevendon Sewage Works, 81, 42, 84, 177 


Nineteenth century, conditions in, 1, 94-102, 104-106, 
111, 54-55, 59, 126-128, 158-159, 85-86, 161-162, 
90 

Nitrate (nitric nitrogen) (see also Nitrogen, oxidized), 

absence from sewage reservoirs, 100 
absence related to anaerobicity, 186, 461-462, 173, 254, 
489 
as source of available oxygen, xvii—xix, 2, 247, 254, 509 
bacterial utilization of, 247, 249, 537 
changes in, during denitrification experiments, 248, 89, 
152-153, 250-251, 253-255, 156-157, 9/ 
determination, 186, 572, 574 
effect of discharge to an estuary, xxiv, 537 
formation—see Nitrification 
in estuary, 100, 186, 116, 118-119, 193, 125, 247, 251, 
155, 461-462, 253, 173 
assumed rate of loss of, 503, 508 
formed under aerobic conditions, 247, 329-330, 133, 
474, 538 
length of reach devoid of, 461-462, 173, 254 
in estuary water during oxygen-absorption experiments, 
72 
in fresh-water discharges, 25, 28, 30-33, 12, 38, 15, 41, 
44, 18, 47, 22, 25, 247, 341-342 
in industrial discharges, 247 
in sea, 247 
in sewage effluents, 247, 342, 528 
used in oxygen-absorption experiments, 7/—73 
tate of entry to estuary, 468, 472 
reduction—see Denitrification 
sulphate reduction in absence of, 247 
sulphide formation, effect on, 2, 193, 125 


Nitrification, 217—221, 569 
as energy source in bacterial growth, 218 
assumed to be a first-order reaction, 218 
course of, 217-219 
degree of, effect on oxygen absorption, 207 
during B.O.D. incubation period, 25, 63-64, 227, 518, 
536-537 
experimental work on, 202-203, 207-210, 140-142, 
71-73, 217, 460, 252 
factors affecting, 184 
in Mogden sewage effluent, 234, 507, 509 
in respirometer experiments, 203, 208-210, 141-142, 
71-73 
in Thames water from Teddington, 240 
rate of, 
difficulty of measurement, 217 
effect of 
dissolved oxygen, 159, 184, 202-203, 220, 144, 224, 
407, 421, 460, 252, 537 
pH value, 202, 221 
salinity, 203, 134 
suspended matter, 219 
temperature, 202, 207-210, 141-142, 7/-73, 219, 
493, 503, 526 
for first-order reaction, 218-219, 228, 330 
in estuary, 202, 412-413 
assumptions concerning, 224, 421, 460, 252 
restriction of, allowance for, 423-424, 475-480, 256, 
179, 497, 511-512, 516 
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Nitrification (contd.), 
stages of, 203, 133-134, 209-210, 212 
suppression of, 215, 536 
theoretical oxygen demand, 221, 227, 537 


Nitrite (nitrous nitrogen) (see also Nitrogen, oxidized), 
changes in, during denitrification experiments, 89, 
250-251, 91 
determination, 186, 572-573 
effect of discharge to an estuary, 537 
formation 
by denitrification, 247 
by nitrification, 203, 209-210, 217-218, 222 
in estuary, 185-186, 65, 115 
in estuary water during oxygen-absorption experiments, 
72 
in fresh-water discharges, 25, 28, 30-33, 12, 38, 15, 41, 
43, 18, 47, 50, 25,.341-342 
in sewage effluents, 82, 342, 537 
used in oxygen-absorption experiments, 7/—73 
oxygen determination, effect on, 106 


Nitrobacter, 
enumeration, difficulty of, 218 
growth, 218, 222 
rate of, factors affecting, 219, 221 
in second stage of nitrification, 209-210, 218 


Nitrogen, 
albuminoid, 
in estuary, 100, 185 
in fresh-water discharges, 25, 28, 30, 38, 41, 43, 46-48 
ammoniacal—see Ammonia, free and saline 
combined, total, 
in estuary, 184 
in fresh-water discharges, 12, 15, 18 
in sewage-works discharges, 498 
compounds, réle in estuary, 537-538 
inorganic, total, 
concentration changes during denitrification experi- 
ments, 248 
in estuary, 185-187, 117-119 
errors in calculating distributions of, 504 
molecular, 
in gas from mud, 315, 121 
lost to air, 327, 329-330, 134 
production by nitrate reduction, 187, 247-249, 152, 
327, 329-330 
nitric—see Nitrate 
nitrous—see Nitrite 
organic, 
changes in, during denitrification experiments, 
Poi Sb 
conversion to inorganic nitrogen by phytoplankton, 
217, 219, 504, 537 
determination, 574 
division into components, 422, 467, 472, 255, 536, 538 
effect of discharge to an estuary, 537 
‘fast’, 540, 183 
effects of unit inputs of, 538-540, 187, 295, 556, 298 
hydrolysis to ammonia, 217, 221, 224 
assumed rates of, 217, 77, 227-228, 241, 422, 468 
in estuary, 185 
balance of, 217, 77 
calculation of distributions of, 422, 474-475, 255 
rate of utilization of, 77 
in fresh-water discharges, 12, 15, 18, 25 
in sewage effluents, 77, 468, 507 
relation to B.O.D., 235, 149 
loss from estuary 
by deposition and dredging, 217, 77 
to sea, 217, 77, 540, 183 
rate of entry to estuary, 217, 77, 468, 472 
relation to effective oxygen demand, 224, 227-228, 
468 
‘slow’, 540, 183 
effects of unit inputs of, 538-540, 188, 295, 556, 298 
oxidizable, total, 
determination, 574-575 
in bottom deposits, 69, 106-110, 178, 295, 301 
relation to other constituents, 180, 302-307, 
182-184 
in crude sewage, 78, 39 
in dredging spoil, 308, 173-114, 327-328, 132 
in estuary, balance of, 217, 77 
in fresh-water discharges, 12, 38, 15, 18, 50 
in sewage efHuents, 232, 82 
relation to B.O.D., 145 


Nitrogen (contd.), 
oxidizable, total (contd.), 
relations with 
effective oxygen demand, 227 
organic carbon in 
bottom deposits and dredging spoil, 310-311, 
116-118 
marine algae, 311 
sewage effluents, 145 
sewage solids, 311 
nitrogenous U.O.D., 221 
oxidized (see also Nitrate and Nitrite) 
calculated distributions of, 
calculation of (see also Calculation of distri- 
butions of dissolved substances), 421-426, 
156, 457-505, 258, 277 
comparison with observed conditions, 480-491, 
260-264, 269, 276 
factors affecting, 
changes in exchange coefficient, 251, 494-495, 
271-272, 499-500, 275, 286, 526-527, 291 
changes in fresh-water flow, 491-493, 269, 280, 
513 
changes in temperature, 491-493, 269, 521-524, 
287-289 
discharge of additional pollution, 514-515, 283 
improved treatment at Northern Outfall, 496- 
498, 273-274, 520, 286 
increased water usage, 529-530, 293 
movement of L.C.C. outfalls, 516-518, 284-285 
rate of carbonaceous oxidation, 493-494, 270 
synthetic detergents, 499-500, 275, 526, 291 
under assumed future conditions, 508-509, 278, 
280, 513-515, 283-286, 289, 526, 291, 529, 293 
changes in, during denitrification experiments, 
251, 90 
determination, 104 
importance of, 104 
in Acton sewage, 39, 342 
in estuary, 104, 185-186, 65, 115-116, 260-264, 269, 
274-278, 293 
as measure of reserve capacity, 533 
in fresh-water discharges, 34, 12, 38-39, 15, 44, 
18, 50 
in sewage effluents, 82, 342-343, 507, 518 
reduction (see also Denitrification), 34, 39, 44 
gain of oxygen by, 341-343, 14/7, 145 
Nitrosomonas, 
enumeration, difficulty of, 218 
growth, 218, 222 
rate of, factors affecting, 219, 221 
in first stage of nitrification, 209-210, 218 
Nominal oxygen content, 511 
application, 511, 555 
calculated distributions of, under assumed future 
conditions, 511, 513-514, 282, 284-286, 524, 
290-291, 526, 554 
factors affecting, 
changes in polluting load, 513-514, 282, 526, 291 
changes in temperature, 522-526, 288, 290 
improved treatment at Northern Outfall, 518, 286 
movement of L.C.C. outfalls, 516-518, 284-285 
synthetic detergents, 526, 291 
Nore, dumping of sewage sludge at, 319 
Norfolk Salt Marshes, deposits, 117 
Northampton, flow and composition of storm sewage, 
88-89 
Northern Outfall (see also next entry), 
construction, 97 
crude sewage discharge from, 97-100 
foreshore off, denitrification in mud from, 254-255, 157 
selection of position, 96+97, 57 
sewage farm at, 98, 100 
storage reservoirs at, 97, 100 
water off, 
dissolved oxygen in, 108-111, 52-53, 68 
surface-active agents in, 386, 152 
temperature in, 52, 129, 68, 431, 491-493, 269 
used in oxygen-absorption experiments, 210, 72, 142 
Northern Outfall Sewage Works (see also London 
County Council and Northern Outfall), 64-71, 
49-52, 29-34 
calculated effect on oxygen distribution, 
after provision of full treatment, xxi, 518-520, 286, 
527, 292 
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Northern Outfall Sewage Works (contd.), 
calculated effect on oxygen distribution (contd.), 
after provision of improved treatment, xvii, 496-498, 
273-274 
by alteration of point of discharge, xxii, 515-518, 
284-285 
due to polluting loads in 1964, 510, 279, 535, 182 
composition of effluent, 
B.O.D., xxi, 70-71, 33-34, 228-229, 145, 149, 518, 
528 
dissolved oxygen, 326, 337, 145, 567 
effective oxygen demand, 231, 146 
organic carbon, 228-229, 145 
oxidizable nitrogen, 145, 229, 149 
oxidized nitrogen, 342, 518, 528 
oxygen absorption, 202, 133-134, 207-210, 139, 141, 
231, 146 
relations between constituents, 228-229, 145, 149 
temperature, 431 
urea, 184 
U.O.D., 78, 145-146, 229-231 
crude sewage, B.O.D. of, 71, 34 
flow, 65-70, 49-52, 29-32, 34, 42, 496, 507 
effect of rainfall on, 65-69, 50-51, 30-31 
measurements by L.C.C., 65-66, 49, 29, 68-69, 3/—32 
measurements by W.P.R.L., 66-68, 30 
receiving secondary treatment, 2, 65, 34, 496, 518 
recent increases in, xx, 70, 52, 34, 42, 529 
polluting loads, 1-2, 70, 33-34, 228-232, 147, 151, 507 
B.O.D., xvii, xxi, 70-71, 33-34, 82, 42, 80, 232, 147, 
84, 496, 518, 182 
carbonaceous, 80, 231-232, 147, 84, 151, 177, 518 
effective, 80, 231-232, 147, 84, 151, 518, 182 
heat, 431, 160-161, 447 
nitrogenous, 77, 80, 147, 232, 84, 496, 498, 518 
solids, xvii, 317-318, 124 
U.O.D., 228-230, 80, 232, 147, 84, 332, 134, 518 
sludge, 
disposal, 1, 64, 141, 163, 91, 278, 318-319, 128 
sulphate reduction in, 256, 93 
treatment, 
by aeration plant, 2, 61, 64 
extension of plant, xvii, xix, 2, 61, 64, 166-167, 244, 
496-498, 273-274, 518 
proposed further extensions, xxi, 64, 244, 518-520, 
285-286 
by biological filtration, experimental, 101 
by chemical precipitation, 64, 101-102 
by chlorination of effluent, 101, 200 
by contact beds, plans for, 101 
by sedimentation, 1-2, 61, 64, 68, 101, 161-162 
extension of plant, xvii, 61, 64, 68, 164-166, 244, 
317-318, 486, 496-498, 273-274, 507, 511 
of Acton sewage, 77-78, 507 
of East Ham sewage, 80 
of gas-works effluents, 90 


Northfleet 
Hope, deposits, 132 
Power Station, 428 
Sewage Works, 48, 81, 42, 84, 125, 177 


North Sea, 
salinity, 19, 444 
temperature, 444-445, 241 


North Thames Gas Board, 430 


Nuisance—see Offensive conditions 


Observed and calculated conditions, comparison of, 
450-452, 244-246, 480-505, 260-264, 266-269, 
273-276 


Odour—see Smell 


Offensive conditions, 1, 94-95, 99-101, 171 
due to 
mud deposits, 95 
sulphide, xv—xvi, xxiii, 1, 188, 268, 533 
little likelihood of, by 1964, 509 
prevented by presence of nitrate, 537 


Oil, 
edible, refineries—see Industrial wastes 


films, effect on reaeration, 380-381, 215 
works—see Industrial wastes 


(86724) 


Organic matter (see also Carbon, organic, Nitrogen, 
organic, and Proteins) 
in estuary, 95, 102 
relation to sulphide formation, 96 
in mud, 100 
bacterial utilization of, 256 
in sewage, agricultural value of, 95 


Orwell Estuary, deposits, //7 
Oscillatoria, 175 


Outfalls, L. C. C. sewage—see London County Council, 
Northern Outfall, and Southern Outfall 


Oxidation, 
carbonaceous, 202-217 
activation energy of, 212-213, 74 
course of, 216-217, 223, 226 
equations for, 211-214, 216-217 
composite—exponential, 226-227, 234, 241 
retarded-exponential, 226, 233 
experimental work on, 202-211, 133-143, 69-70 
heat liberated in, 433 
oxygen required for, 216, 321, 537 
rate-constants for, 212-214, 74-75, 143, 216, 224, 234 
decrease with time, 216, 223, 79, 226, 234 
effect of temperature, 212-214, 74-75, 143 
‘fast’ (or ‘standard’), 226-227, 421-422, 468 
‘slow’, 227, 421-422, 468 
use of two, 226, 493, 536 
rate of, 
assumptions made concerning, 421, 459-460 
effect of 
changes in, on distributions in estuary, 493-494, 
270 
degree of purification, 216 
dissolved oxygen, 212, 214-215, 76, 459-460 
salinity, 202-203, 133-134 
temperature, 202, 207-214, 139, 141-143, 74-75, 
472 
reaction for, order of, 211 
completeness of, 221-223 
mathematical representation of, 212, 226 
nitrogenous—see Nitrification 
of activated sludge, 216 
of industrial discharges, 239-240 
of organic matter, 100, 216 
heat liberated in, 433 
of solid matter to soluble substances, 320-322, 130 
of sulphide—see under Hydrogen sulphide and 
Sulphide 
processes, 202-224 
rates of, xviii, 3, 63, 411, 569-570 
assumptions on, used in calculations, 407, 421, 
459-462 
effects of, 
dissolved oxygen, 140, 202 
salinity, 202-203, 133-134 
temperature, 202 
in estuary and laboratory, xviii, 202 
of deposited solids, 459 
variation with type of discharge, 202 
-reduction, 
general equation for, 266 
potential—see Redox potential 


Oxides of iron and aluminium—see Sesquioxides 


Oxidizable matter (see also Ammonia, free and saline, 
Carbon, organic, and Nitrogen, organic), 102, 
326-332, 134 


Oxygen, 
absorption, 
by activated sludge, 215 
by estuary water, effect of temperature, 210, 142, 212 
by fresh-water discharges, 240-241, 150 
by industrial discharges, 215 
' by mud deposits, 202, 204-206, 569 
effect of 
temperature, 204, 136, 69-70, 214 
tubificid worms, 205-206 
experiments in 
estuary, 69, 205, 137 
laboratory, 204-205, 135-136, 69 
by mud suspensions, 202, 138, 206-207, 70, 214 
by sewage effluents, 
dilute, 203, 133-134, 207-210, 139, 141, 212, 231, 
146 
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Oxygen (contd.), 
absorption (contd.), 
by sewage effluents (contd.), 
dilute (contd.), 
effect of salinity, 203, 133-134 
effect of temperature, 207-210, 139, 141, 75 
from Mogden, 233-234, 148 
from percolating filters, 215 
coefficient, 344, 351-353 
from air (see also Exchange coefficient for oxygen), 
early experiments, 102 
fundamental principles, 351-353 
nitrification, variation with, 207 


available, 129 


balance in estuary, 326 
effect of organic solids, 278 


deficiency (or deficit), 333-338 
calculation of distributions of—see Oxygen, dis- 
solved, calculated distributions of, 

of discharges to estuary, 468, 507 
additivity of effects, 538 

unit inputs of, 
effects of, 538-540, 294-295, 189, 556 
proportion lost to sea, 540, 183 


demand, 
biochemical—see B.O.D. 
due to sulphite, 91-92 
effective—see Effective oxygen demand 
ultimate—see U.O.D. 


depletion, calculated, 
due to 
discharges of sulphite, 563, 301 
hypothetical discharges, 514, 283, 556-561, 298 
individual discharges in 1964, 509-511, 279, 
535-536, 182 
unit discharge of 
ammonia, 186, 295, 565, 302 
‘fast’ organic carbon, 540, 184, 295-297, 555, 
564-565, 302 
‘fast’ organic nitrogen, 187, 295 
oxygen deficiency, 539-540, 294-295, 189 
‘slow’ organic carbon, 540, /85, 295 
‘slow’ organic nitrogen, 540, /88, 295 
maximum, 
approximate method of calculating, 182, 536, 557, 
560 
due to discharge of 1 m.g.d. sewage or effluent, 
562, 300 
flow of sewage or effluent to produce, 561, 299 


dissolved, 

absence of—see Anaerobic conditions 

as indicator of estuary condition, 104, 532 

at Albert Bridge, 172, 101 

at Knock John Buoy, 343, 142 

at London Bridge, 6, 58-63, 54, 65-67, 56, 140, 
143-145, 73-74, 77, 59, 82, 159, 85, 87, 166, 
98-101, 172, 118, 260-264 

at Putney Bridge, 172, 101 

at sag-curve minimum, 6, 58-63, 66-67, 129, 57, 
139, 69-70, 141, 59, 85 

at Teddington Weir, 1, 6, 100, 66, 85, 100, 339 

above, 28, 59-63, 144-145, 73-75, 166, 334-335, 
136, 190, 466, 508-509, 567 
below, 28, 24-25, 59-63, 335, 190, 466, 508-509 

at Vauxhall Bridge, 172, 101 

at Westminster Bridge, 101 

at 15 miles above London Bridge, 6, 54, 59-63, 
66-67, 85, 100, 260-264 

at 10 miles above London Bridge, 6, 54, 59-63, 66-67, 
143-145, 73-74, 159-160, 85, 87, 164, 166, 
98-100, 118, 260-264, 521 

at 5 miles above London Bridge, 6, 58-63, 54, 65-67, 
56, 139-140, 69, 77, 59, 85, 98-100, 118, 
260-264, 521 

at 5 miles below London Bridge, 6, 106-107, 50-51, 
58-63, 54, 65-67, 77, 82, 85, 98-100, 118, 
260-264 

at 10 miles below London Bridge, 6, 58-67, 54, 56, 
139-140, 69, 77, 59, 82, 85, 98-100, 118, 260-264 

at 15 miles below London Bridge, 6, 58-63, 54, 
65-67, 77, 82, 85, 92, 98-100, 118, 260-264 

at 20 miles below London Bridgé, 6, 58-63, 54, 65-67, 
77, 82, 85, 92, 98-100, 118, 260-264 


Oxygen (contd.), 
dissolved (contd.), 
at 25 miles below London Bridge, 6, 58-63, 54, 65-67, 
57, 141, 77, 59, 82, 85, 164, 92, 98-100, 118, 
260-264 
at 30 miles below London Bridge, 6, 58-63, 54, 65-67, 
77, 82, 85, 160-161, 88, 91-92, 166-167, 98-100, 
118, 260-264 
at 35 miles below London Bridge, 6, 58-63, 54, 65-67, 
57, 69, 140-141, 147, 77-78, 59, 85, 91-92, 
98-100, 118, 260-264 
at 40 miles below London Bridge, 6, 58-63, 54, 
65-67, 85, 160-161, 88, 91-92, 166-167, 98-100, 
118, 260-264 
at 45 miles below London Bridge, 59-63, 66, 92, 98, 
100, 260-264 
at 50 miles below London Bridge, 59-63, 92, 260-264 
at 55 miles below London Bridge, 60 
at 60 miles below London Bridge, 92 
at 65 miles below London Bridge, 92 
calculated distributions of, 
calculation of (see also Calculation of distri- 
butions of dissolved substances), xvi—xvii, 
421-426, 457-505 
comparison with observed distributions, xvii, 
480-500, 260-267, 269, 274-276 
factors affecting, 
changes in exchange coefficient, 494-495, 
271-272, 499-500, 275, 286 
changes in fresh-water flow, 491-493, 269, 
511-512, 280-281, 527, 292 
changes in temperature, xxiii, 491-493, 269, 
521-526, 287-290 
changes required for fish migration, xx—xxi, 
527-528, 292 
improved treatment at Northern Outfall, xvii, 
496-498, 273-274, 518-520, 286, 527, 292 
increased water usage, xx, 529-531, 293 
introduction of additional pollution, 514, 283 
movement of L.C.C. outfalls, xxii, 516-518, 
284-285, 521 
particular sources of pollution, xxi—xxii, 509-511 
279 
rate of carbonaceous oxidation, 493-494, 270 
synthetic detergents, 499-500, 275, 526, 291 
under assumed future conditions (see also Adverse 
summer conditions and Prediction), 
508-530, 278-281, 283-293 
changes in, 
long-term, 54, 104, 59-63, 126-127, 55, 130, 57, 
70, 144-145, 75, 79, 60, 84-91, 158-166 
mass of, in estuary, 345, 144-145 
short-term, due to 
algae, 176-178, 103-106, 62 
gales, 193, 360-363, 195, 149, 366 
with redox potential, 259, 159 
determination, 350-351, 572, 574 
gasometric, 105-106, 350 
polarographic, 532, 569 
titrimetric, 105-106, 349-350 
distribution of (see also Oxygen, dissolved, calculated 
distributions of, and Sag curves), 100, 104-167, 
52, 58-63, 65-67, 69, 77, 82, 85, 91, 171, 98-101, 
106, 118, 122, 251, 155, 166, 743, 195, 461, 253, 
173, 260-264, 269, 274-276, 278-293 
calculation from B.O.D., 179 
irregularities off L.C.C. Outfalls, 108, 111, 53, 162 
effect of (see also above—calculated distributions of, 
factors affecting) 
algae—see Algae 
changes in exchange coefficient, 361 
by wind, 193, 360-363, 195, 149, 366 
dumping of sludge and spoil, 162-163, 91 
fresh-water flow, 104, 106, 128-145, 66, 68-73, 
56-58, 79, 60, 82-83, 159, 161-162, 363, 520-521 
summary 145 
introduction of detergents, 386-387 
mixing, 364 
temperature, 104, 106, 126, 128-143, 67, 56-57, 
146-148, 76-78, 161-162, 344, 363 
summary, 148 
tidal state, 6, 8-9, 6 
effect on 
denitrification, 184, 249-251, 153, 90, 363 
mud conditions, 260-261, 160 
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Oxygen (contd.), 
dissolved (contd.), 
effect on (contd.) 
nitrification, 184 
oxygen uptake by activated sludge, 215 
rates of oxidation, 202, 212, 214-215, 76, 220, 
275, 174 
sulphide production, 188, 191-193, 67, 122-123, 
259-261, 161 
in fresh-water discharges, 28, 31-33, 32, 38-39, 41, 
43, 42, 46-49, 22, 24-25, 111, 326, 334-336, 
137, 145 
in industrial discharges, 326, 337-339, 192, 145 
in rain falling on estuary, 326, 339, 145 
in reach 0-25 miles below London Bridge, 57-59, 69, 
140, 142-143, 164, 93, 166 
in sewage effluents, 326, 336-337, 145, 507 
in storm sewage, 339 
off Northern Outfall, 108, 111, 53, 129, 68 
off Southend, 100, 339 
off Southern Outfall, 108, 111, 53, 60, 80, 159, 86, 
161-162 
percentage saturation, 
expression as, 105 
position of 60 per cent, 161, 89, 163, 167 
supersaturation—see under Photosynthesis 
surveys, 
earliest, 105 
extent of, 104-106, 108, 126-127, 168 
variations in, 
diurnal, 178, 106 
over cross-section, 172, 101, 390 
seasonal, 104, 59-63, 128-130, 66-68, 56-57, 70, 
144-150, 75, 77-78, 59-61, 80, 82, 86-88, 91, 
93, 344, 143 
summary, 150 
with depth, 172, 100, 178 
equivalent, 421 
of ammonia, 421, 476 
of nitric nitrogen, 421-422 
of organic carbon, 474, 255 
of organic nitrogen, 421, 474, 255 
exchange coefficient for—see Exchange coefficient 
for oxygen 
exchange with atmosphere, 326, 333-334, /35, 189, 
145, 347 
gaseous, 
from mud deposits, 12], 343 
in normal air, 355 
nominal—see Nominal oxygen content 
photosynthetic production of—see Photosynthesis 
rate of 
loss from estuary, 339, 138, 145 
solution—see Exchange coefficient for oxygen 
supply to estuary, 332-346, 135-137, 189, 139-141, 
145 
utilization in estuary, 326-347, 145, 433 
at sag-curve minimum, 364 
by dead bacterial cells, 222 
estimated from 
B.O.D., 326 
rate of entry of oxidizable matter, 327-332, 134 
rate of supply of oxygen, 326, 332-346, J4/, 195 
estimation of exchange coefficient from, 346, 366 
solubility, 105-106, 127, 349-351 


Oyster fisheries in River Crouch, 96 


Paint works—see Industrial wastes 
Paper mills—see Industrial wastes 
Parliament, 
Houses of, stench in, 94-95 
interest in 
estuary condition, 1, 94 
sewage utilization, 98 
Parrett Estuary, inapplicability of half-tide adjustment, 9 
Particle size of bottom deposits, 278-279, 104-105, 287, 
176, 107, 109-110 
classification, 279, 103 
relation to chemical constituents, 292, 179-181, 302, 
311, 118 
Penicillium chrysogenum, critical oxygen concentration 
for respiration, 76 
Peptides, decomposition by bacteria, 255 
Percolating filters, 77, 81, 215 


Permanganate, 
sodium, for sewage treatment, 101 
value, 
B.O.D. estimation from, 25, 88, 47, 499 
determination, 572 
of estuary water, 100, 102 
of fresh-water discharges, 25, 28, 30, 32-33, 12, 38, 
15, 41, 43, 18, 46-48, 25 
of storm sewage, 85, 55, 45-46, 88 
Phaeocystis in estuary, 175 
Phenols, monohydric, in estuary, 529 
Phosphate in 
bottom deposits, 288 
fresh-water discharges, 38 
sewage, 95 
Photosynthesis, oxygen production by, 
by phytoplankton, 172-177, 569 
effect in oxygen-absorption experiments, 209 
effect of depth, 178, 105, 365 
effects in estuary, xix, 172-178, 103-106, 62, 343-345, 
143, 347, 364, 466 
modification of exchange coefficient to allow for, 
503, 505, 527 
rate of, 365 
seasonal variations in, xxi, 129, 148, 150, 334, 344-345 
supersaturation due to, xix, 60, 63, 73, 145, 75, 91-92, 
172, 100, 178, 106, 335, 190, 343-344, 142, 269 
pH value, 
changes in, during denitrification experiments, 90 
determination, 572 
effect on 
equilibrium between 
ferrous and ferric ions, 266, 99 
hydrogen sulphide and sulphide ions, 267, 269, 
167, 341 
nitrification, 202, 221 
sulphate reduction, 264, 97 
sulphide oxidation, 272, 274-275, 173 
of English Channel, 182 
of estuary, 182-183, 112, 64, 221, 341 
variation with depth, 182 
of fresh-water discharges, 25, 28, 30, 33, 38, 41, 43, 
46-48, 221 
of mud, 260 
Phytoplankton—see Algae 
Pippard Committee, xv, xx 
Report of, xv, xxi, 520, 527 
Pitsea 
Creek—see Nevendon Sewage Works 
Sewage Works, 81, 42, 84, 125, 177 
Plates, list of, xiii 
Plating works—see Industrial wastes 


Platinum electrodes for redox-potential measurements, 
260 


Polarographic determination of dissolved oxygen, 532, 
569 


Polluting 
discharges (see also Industrial wastes, Sewage, and 
Storm sewage) 
assessment of, 1, 25-93 
points of entry to estuary, 48 
crude sewage, 42 
electricity-generating stations, 61, 48, 90-91, 86, 
337, 232, 157-158, 234, 249 — 
fresh-water discharges, 6, 29-31, 36, 41-42, 46, 
48-49, 27, 47-48, 151, 162, 234, 182 
industrial discharges, 61, 48, 48, 86, 151, 159 
sewage effluents, 61, 48, 64, 72, 75, 77, 79-82, 42, 84, 
151, 176, 182 
storm sewage, 61, 48, 82, 42, 45-47, 56, 182 
relative importance of, 1-2, 244, 151, 509-510, 279, 
535-536, 182 
effect of position, 1, 294-297, 540, 561-562, 
299-300 
to tributaries, 31-32, 38, 41, 43, 48-49 
loads (see also Industrial wastes, Sewage, and Storm 
sewage) 
assessment, 25-93, 226-246, 533-537 
uncertainties in, xviii, 570 
calculated effects of 
changes in, 513-520, 282-286, 526-531, 291-293, 
554-555 
unit, 538-554, 294-295, 183-190,-297 
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Polluting (contd.) 
loads (contd.), 
exchange across seaward boundary, 227, 243, 326, 
328-329, 134, 540, 183 
loss of, 
by deposition and dredging, 92, 217, 77, 227-228, 
326-328, 331-332, 134, 457-458, 469, 177 
to air, 326, 329-331, 134 
measures of, 533-537 
simple, 246, 88, 535, 182, 557, 560 
summary of, from 
all sources, 88 
fresh-water discharges, 87 
industrial discharges, 86 
sewage-works discharges, 84 
storm sewage, 85 
matter, expression of concentration of, 533 
strength, measures of, 63-64, 533-537 
simple, 246 


Pollution (see also Polluting discharges and loads) 
by adventitious material, 241, 243 
by shipping, 242 
coastal, by oil, 380-381 


Polythene tents—see Tents 


Population 
allowed for in Metropolitan sewer design, 97 
increases, 1, 94, 101 
possible effect on air temperature, 446 
reduction during war, 163 
served by sewage works, 61, 64, 72, 75, 77, 79-80 


Port of London Authority, 
dredging, 278, 316, 320, 129, 327, 132, 506 
disposal of spoil, 141, 162-163, 278 
facilities provided by, xv, xxvii, 168 
records, XxXvili 
chemical, 
fresh-water discharges, 25, 28-32, 26-28, 31, 36, 
34, 41, 39, 43, 41, 46-48, 44-46 
polluting discharges, 61, 79, 53, 89-90, 240 
heated discharges, 430 
hydrographic, 4-7, 36, 323, 366, 401 
quantities transported by shipping, 242 
work at Belvedere Power Station, 337-338 
work on causes of silting, xv 


Port of London Sanitary Authority, records, 126-127 


Position in estuary, 
expression of, 4 
variation of exchange coefficient with, 333, 358, 382-385, 
217, 494-495 


Potassium in sewage, agricultural value of, 95 
Power stations—see Electricity-generating stations 


Prediction (see also Adverse summer conditions and 
Calculation of distributions of dissolved sub- 
stances) 

of future estuary conditions, xvi-xvii, xix—xxi, 407, 411, 
500, 505-531 


effects of 

aerating cooling-water, 567-568, 303 

changes in 
minimum fresh-water flow, xxiii, 520-521 
polluting load, 513-520, 282-286 
temperature, 521-522, 287 

heated discharges, 522-526, 287-290 

increased water usage, xx, 529-531, 293 

synthetic detergents, 526-527, 291 

of load reductions required for fish migration, xx—xxi, 
527-529, 292 


‘Princess Alice’, sinking of, 99 


Prittlewell Sewage Works—see Southend-on-Sea 
Sewage Works 


Proteins, 
bacterial decomposition, 255-256, 92 
carbon content, 321 
hydrolysis, 419 
sulphur content, 256 


Pseudomonas, denitrification by, $48 


Purfleet Sluice—see Mardyke 


Putney 

Bridge, variations in 
chloride at, 16, 219 
dissolved oxygen at, 172, 101 
temperature at, 165-166 

diatoms at, 175-176 

pH value at, 64 

toxicity of water from, 528-529 


Pyrogallol in oxygen determination, 105 
Queen Mary Reservoir, deposits, 324-325 


Radiation, effect on heat exchange, 447 
Rain, 
addition of oxygen to estuary by, 326, 339, 145 
effect on reaeration, 370-371, 201-203 
Rainfall, 
effect on flow 
of storm sewage, 82-85, 44, 54 
through Acton Sewage Works, 78 
through Northern Outfall, 65-69, 50-51, 30-31, 97 
through Southern Outfall, 50, 74, 97 
in Thames Basin, 13, 26, 74, 371 
Rainham 
Creek, 46, 79, 96 
disposal of dredging spoil ashore at, 278 
Ravensbourne, 6, 36 
composition, 36, 34, 24-25, 137 
flow, 36 
polluting load, 27, 47, 87, 123, 162, 177 
Reaction order of 
carbonaceous oxidation, 211 


nitrification, 217-218 


Reaeration 
during sampling and before analysis, 105 
rate of—see Exchange coefficient for oxygen 
Redox potential, 
anaerobic conditions indicated by, 183, 259 
changes in, 
during denitrification experiments, 249 
with dissolved oxygen, 259, 159: 
determination, 572-573, 304, 575 
in estuary, 183, 113, 67, 256, 259, 268, 166 
on appearance of sulphide, 67, 259 
in mud, 256, 259-260, 95, 160 
optimum, for growth of sulphate reducers, 259 
relation to ferrous-ferric system, 266, 99 


Reducing agents, effect on reaeration, 382 


Reduction processes (see also Denitrification and 
Sulphate, reduction), 247-272 


Refuse, household, as source of pollution, 92, 242, 320 


Regression analysis, 
linear, application of, 66, 50, 52, 74, 83-85, 54, 44, 
141, 70, 143, 72, 146-148, 78, 157-158, 84, 213-214, 
143, 194, 358, 377, 210 
partial, 131 
application of, 56-57, 134-150, 69, 71-72, 76-77, 
156-157, 83, 161, 90, 165, 93, 358, 363, 440-444, 
169-171, 238-240 
limitations of, 139-140, 142 
Relaxation, method of, solution of equations by, 401-402 
Respiration (see also Oxidation) 
of bacteria, 215-216, 76 
of phytoplankton, 343-344 
Respiratory quotient, 216 
Respirometers, use in oxygen-absorption experiments, 
135, 204-208, 140, 223, 536-537 
Retention period in 
Medway Estuary, 241 
Thames Estuary, 
of fresh water, 15-16, 14, .100 
of polluting matter, 212-213 
Upper Thames, 223 


Ribble Estuary, deposits, //7 


Richmond 
Lock, 5, 466 
Sewage Works, 77, 38 
acceptance of Ham sewage, 80 
brewery wastes, pre-treatment of, 77 
composition of crude sewage, 77 
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Richmond (contd.) 
Sewage Works (contd.), 
composition of effluent, 77, 38, 149, 342 
flow, 77, 38, 42 
polluting load, 77, 38, 42, 235, 84, 125, 177 
Rideal-Stewart method of dissolved-oxygen determina- 
tion, 106, 207, 574 
River Boards (see also Essex River Board and Kent 
River Board), 
suggestions to, xxili 
Riverside Sewage Disposal Works—see Dagenham 
Sewage Works 


Roach 
Estuary, 
deposits, 1/7 
surface-active agents in, 387 
(fish) in Thames Estuary, 102 
Roding, River, 25, 6, 41-42, 98, 111 
composition, 41-42, 39, 24-25, 137 
flow, 41, 16 
polluting load, 27, 47, 87, 123, 162, 177 
Romford and Hornchurch Joint Sewerage Board, 43 
Rotherhithe Gas Works, /59 


Royal Albert Dock, 
mud at entrance, redox potential of, 95 
water from, 
iron in, 273 
sulphide oxidation in, 273, 170 
Royal Commission on Metropolitan Sewage 
Discharge, 99-100, 128 
Royal Commission on Sewage Disposal, 215 
Royal Docks (see also King George V Dock and Royal 
Albert Dock), 
deposits, 107, 113, 115, 310, 132 
‘Royalist’, temperature measurements at, 441 


Run-off from 
L.C.C. drainage area, 84, 89 
Upper Thames catchment area, 13, 26 


Sag curves, 100, 104-129, 58-63, 66-67, 77, 85, 98-100, 
118, 155, 166, 334, 345, 253, 260-264, 269-276, 
278-293, 302 

comparison of, 126-129, 55 
effect of flow on shape of, 145 
minima, 
dissolved oxygen at (see also Oxygen, dissolved), 
relations with flow and temperature, 57, 141-142, 
145, 148 
oxygen utilization at, 364 
position of, 128-129, 66, 142, 71, 145, 150 
production of, 106-108, 50-52, 126-128 
seaward limb of, position, 165-166 
standard, 59-63, 126-128, 65, 508, 278, 511, 281, 
529-530, 293 
Salinity (see also Chloride), 
determination, 16, 532, 572 
distribution in estuary, 16, 3, 19-24, 17, 5, 20, 169, 
94, 118, 382, 216, 392, 220, 394-395, 410-411 
calculated by Ketchum’s theory, 392, 220 
calculation of mixing constants from, 400-405 
comparison of observed and calculated, 402-406, 
229-230 
effect on 
B.O.D. determination, 179, 202-204, 133-134 
nitrification, 203, 134 
occurrence of green algae, 175-176 
oxygen 
absorption, 203, 133-134 
solubility, 100, 105, 127, 350, 540 
rates of oxidation, 202 
reaeration, 367, 373-380, 205, 208, 211-213, 382, 
217, 384, 500-502, 780 
retention period calculated from, 15-16 
supposed adverse effect on self-purification, 96 
variations 
over cross-section, 17-19, 4, 390, 395 
at Tilbury, 18-19, 4 
off Southend, 19, 21, 5 
with depth, 17-18, 15, 3-4, 390 
with fresh-water flow, 21-24, 18-27 
with tidal state, 6-9, 6 


Salmon, 
conditions for re-establishing fishery, xx—xxi, 527-529 
occurrence, 94, 102 
re-stocking attempts, 102 


Salt, 
transfer by mixing, 400-401, 226 
-velocity method for retention periods, 353 
Sampling 
depth, 17, 104, 172 
positions, 17, 19, 104-105, 168 
procedures for 
bottom deposits, 278-279, 175, 295, 307, 575 
gas samples, 314-315, 575 
water samples, 104-106, 111, 168, 172, 401, 572 
of fresh-water discharges, 25-26, 29-31, 33, 36, 35, 38, 
42-43, 46-48, 50 
of industrial discharges, 61, 90 
of sewage-works discharges, 70, 74-75, 77-80 
of storm sewage discharges, 85, 88 


Sand, 
air-dried, water content of, 306 
in bottom deposits, 104, 287, 107-109, 301 
loss of inorganic matter on ignition, 307 
particle size, 103 


Sapo animalis, effect on reaeration, 380, 214 
Scenedesmus, development in water from Crossness, 176 
Schutzenberger method for dissolved oxygen, 105 


Scientific and Industrial Research, Department of— 
see Fuel Research Station, Hydraulics Research 
Station, National Chemical Laboratory, and 
National Physical Laboratory 


‘Scorpion’ Police Ship, temperature measurements at, 441 


Sea, 
entry to estuary from, 
oxidizable matter, 243, 326, 347 
oxidized nitrogen, 503 
solids, 99, 162, 243, 278, 320, 322-325, 130, 327, 570 
composition, 324-325, /31 
exchange between estuary and, 
dissolved oxygen, 339-340, 738-139, 145 
phytoplankton, 345 
loss from estuary to, 
B.O.D., 329 
organic matter, 217, 243, 327-329, 347 
polluting substances, 540, 183 
solids, 320, 327, 570 
U.O.D., 329, 134 
residual, 347 
Reach, 
deposits in, 175-176, 287, 132 
proposed discharge of London sewage to, 96-97, 
575102 
sulphate in, 96 
water, 
composition, 
chloride, 16 
magnesium, 305 
nitrate, 247 
pH value, 182 
salinity, 19, 20 
penetration of, 16, 100 
Seasonal variations in 
dissolved oxygen—see Oxygen, dissolved 
exchange coefficient—see Exchange coefficient for 
oxygen 
flow—included in general entries under Flow 
Sedimentation ‘plants, xvii, xix, 61, 64-72, 34, 74, 77, 
79-82, 161-162, 164-166, 230, 147, 244, 317-318, 
486, 496, 507, 511 
Segmentation of estuary, 415, 469-472, 176-177 
Selenium in determination of oxidizable nitrogen, 575 
Sesquioxides, of iron and aluminium, 
determination, 575 


in bottom deposits, 288, 106-107, 178 
relation to other constituents, 182-183, 304-306 


Severn Estuary, deposits, //7 


Sewage, 
agricultural value, 95, 98 
analysis, methods of, 572-574 
candle filtration of, 95 
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Sewage (contd.), 
crude, 
composition, 78, 39, 95 
B.O.D., 71-72, 34, 74, 36, 77-78, 39, 529 
discharged from Northern and Southern Outfalls, 
98-100 
pollution by, 1-2, 61, 94-95, 98-100 
deodorizing, 101 
discharge 
during ebb tide, 96-97, 100 
to saline water, supposed disadvantages, 96 
to Thames above London, 98 
disposal 
of London’s, schemes for, 95-98, 57, 101-102 
Royal Commission on, 215 
effluents, 
absorption of oxygen by, 203, 133-134, 207-210, 
139, 141, 75 
aeration of, 566-567 
calculated effect of discharge to estuary, 561-562, 
299-300 
composition of—see under individual works listed 
in 42, 82, and individual properties 
detergent-free, 374 
effect on reaeration of 
fresh water, 374, 206 
saline water, 374, 208, 217 
heat discharged in, 427, 430-432, 160-161, 163, 447 
rate of oxidation of, 527 
organic carbon, 234-235, 468, 507, 518 
retention in estuary, 212 
farm at Northern Outfall, 98 
settled, 
calculated effect of discharge to estuary, 561-562, 
299-300 
composition—see under individual works listed in 
42, 82, and under individual properties 
domestic, used in denitrification experiments, 
250-251, 253 
rate of oxidation, 527 
synthetic, detergent-free, 
BiG Desi 
effect on reaeration of 
fresh water, 374-375, 207, 378, 150 
saline water, 375-376, 208, 378-380, 212-213, 
217 
solids, carbon/nitrogen ratio of, 311 
storm—see Storm sewage 
treatment of (see also Activated-sludge plants, 
Irrigation, and Sedimentation plants), 
biological, 100-101 
chemical, 64, 95, 98, 100-102 
nitrification, importance of, in, 569 
utilization, attempts, 98 
works (see also under individual works listed in 42, 82) 
benefit of secondary treatment of whole flow, 562 
discharges from, 64-82, 49-53, 29-42, 92, 49, 
228-236, 80-81, 147, 83-84, 151, 88, 134, 
467-469, 176-177, 535, 182 
calculated effect on estuary, 510, 279 
examined in 1891-94, 128 
expected in 1964, xx, 507 
positions of, 61-62, 48, 64, 72, 75, 77, 79-82, 
42, 96-97, 57, 84, 151 
not adopted, 96-97, 57 
increasing flow at, calculated effects of, xx, 529-531, 
293, 538-539 
population served by—see Population 
replaced by Mogden Sewage Works, 61 


Sewers, 
cesspools overflowing to, 94 
combined, discharge from, 61, 533-534 
construction of, 95, 97 
intercepting, 96-97 
capacity of, 102 
open, 1 


Shoeburyness, wind records, 361-362, 195, 149 


Shipping, 
effect of pollution on, 1 
pollution due to, 92, 242, 320 


‘Shipwash’ Light Vessel, water temperature at, 444-445, 
241 


‘Shornmead’ 168 


Significance, levels of, expression, 131, 56-57 
Silica, 
determination, 575 
in bottom deposits, 288, 106-107, 292, 178 
relation to other constituents, 302-305, 181-182, 111 
in clay, 306 
in fresh-water discharges, 38 


Silt, 
in bottom deposits, 104, 287, 107 
particle size, 103 


Silting of 
docks, method of reducing, 311 
estuary, xv, 104 


Skeletonema costatum in estuary, 176 


Sludge, 
gas, use for power, 64, 72 
sewage, 
dewatering, 64, 72 
disposal, 80, 100 
dumping of L.C.C., 64, 72, 141, 160-163, 91, 278, 
319) 128 
return of material to estuary, 278, 324 
manure from, 95 
sulphate reduction in, 256, 93 


Smell, 
concentration of hydrogen sulphide detectable by, 268 
fever attributed to, 96 
offensive, xv, 1, 94-95, 99, 101, 265 
of fresh-water discharges, 38 
of sewage, effect of oxidizing agents, 101 
produced by sewage and sea water, 96 


Smelts, 102 
Smoke for deodorizing sewage, 95 


Soap, 
effect on reaeration, 375, 380, 214 
in sewage and sewage effluents, 380 
works—see Industrial wastes 


Sodium 
azide, in dissolved-oxygen determination, 106 
chloride, as primary standard, 572 
hydrosulphite, for dissolved-oxygen determination, 105 
lactate, as bacterial nutrient, 248, 259, 261-262, 162 
oxalate, as dispersing agent, 287 
permanganate—see Permanganate, sodium 
sulphite, as de-oxygenating agent, 353, 360, 367 
tetrapropylene benzene sulphate, as constituent of 

synthetic detergents, 387 


Solids, 
balance in estuary, 92, 278, 313, 316-322, 122-130, 327 
entry from 
atmospheric pollution, 320, 130 
fresh-water discharges, 316-317, 122-123, 130 
industrial discharges, 319, 127, 130 
miscellaneous sources, 320 
sea, 243, 316, 320, 322-325, 327-328 
composition of material, 243, 324-325, 131 
sewage sludge, 319, 128, 130 
sewage-works discharges, 317-318, 124-125, 130 
storm sewage, 318, 126, 130 
loss by 
decomposition, 320-322, 130 
dredging, 320, 129-130 
deposited—see Bottom deposits 
dissolved, 
in estuary, 95 
in fresh-water discharges, 32 
formed during photosynthesis, 322 
oxidizable, behaviour of, 99, 102, 457-459, 570 
suspended, 
composition, 99, 198-199, 129-130 
deoxygenation caused by, 194-195, 554 
determination, 195, 532, 574 
effect 
of synthetic detergents on rates of oxidation and 
settling, 387 
of temperature, 533 
of water velocity, 533 
on B.O.D., 179-181, 109, 63, 329, 364, 533 
on sulphide oxidation, 273, 171 
in crude sewage, 39 
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Solids (contd.), 
suspended (contd.), 
in estuary, 95, 100, 102, 178, 180, 109, 63, 194-199, 
126-130, 68, 243, 323-324, 131, 329 
variations 
over cross-section, 195, 127, 364, 457, 533 
with depth, 195, 126-127, 68, 533 
with tidal state, 195, 126-127 
in fresh-water discharges, 25, 28, 30-33, 12, 38-39, 
15, 44, 18, 47, 49, 22-25, 316-317, 122-123, 
322, 130 
in industrial discharges, 316, 319, 127, 130 
in sewage-works discharges, 316-318, 124-125, 130 
in storm sewage, 85, 55, 45-46, 316, 318, 126, 130 
loss on ignition, 
determination, 574 
for crude sewage, 39 
for estuary water, 100, 198-199, 129-130 
for fresh-water discharges, 25, 39, 15, 18, 47-48, 
23-25 
ratio to dissolved solids in sewage, 95 
relation to sulphide content, 193, 124 
transport in estuary, xix, 99, 194-195, 278, 457 
total, in fresh-water discharges, 41, 43, 46-48 


Solubility products, iron compounds, 265-266 
South Benfleet Sewage Works, 81, 42, 84, 125, 177 
South Eastern Gas Board; records, 430 


Southend-on-Sea, 
composition of water off, 19, 100, 175, 182, 243, 323-324, 
131, 329, 339 
Sewage Works, 82, 42, 84, 318, 177 


Southern Outfall (see also next entry) 
construction, 97 
crude sewage discharge from, 97-100 
selection of position, 96-97, 57 
silting of channel off, 104 
storage reservoirs at, 97, 100 
water off, 
dissolved oxygen in, 108-111, 52-53, 60, 80 
absence of, 151, 60, 80-81 
sulphide in, 60, 154, 81, 188, 265, 165 
surface-active agents in, 386, 152 
temperature in, 52 


Southern Outfall Sewage Works (see also London 
County Council and Southern Outfall), 50, 52, 
72-74, 35-36 

calculated effect on oxygen distribution 
by alteration of point of discharge, xxii, 515-518, 
284-285 
due to polluting loads in 1964, xxi, 510, 279, 182 
composition of effluent, 
B.O.D., xxi, 35-36, 74, 228-229, 145, 149, 507, 528 
organic carbon, 228-229, 145 
oxidizable nitrogen, 145, 229, 149 
oxidized nitrogen, 528 
relations between constituents, 228-229, 145, 149 
temperature, 432 
U.O.D., 145, 229-230 
crude sewage, B.O.D. of, 72, 74, 36 
flow, xix, xxi, 2, 50, 72-74, 35-36, 42, 507 
effect of rainfall on, 50, 74 
recent increases in, 52, 74, 36, 42, 529 
polluting loads, 2, 61, 35-36, 74, 228-232, 485 
B.O.D., xxi, 35-36, 74, 42, 81, 232, 84, 507, 182 
carbonaceous, 8], 231-232, 84, 151, 177, 507 
effective, 8J, 231-232, 84, 151, 507, 182 
heat, 432, 161 
nitrogenous, 77, 81, 232, 84, 507 
solids, 317-318, 124 
U.O.D., 228-230, 81, 232, 84, 134, 507 
sludge disposal, 1, 141, 163, 91, 278, 319, 128 
treatment, 
by aeration plant, xix, 61, 72, 516, 530-531 
by chemical precipitation, 101-102 
by sedimentation, xix, 1-2, 61, 72, 161-162 
new plant, 61, 72 


Specific gravity of bottom deposits—see Bottom 
deposits 


Standard deviation, 131 
Standards for effluents, 1, 150 


Stanford-le-Hope Sewage Works, 81, 42, 84, 125, 469, 
177 


Statistical examination of L.C.C. oxygen records, xvi, 
2, 104, 130-158, 56-60, 69-72, 76-78, 83-84, 161-162, 
90, 164-165, 93 
limitations, 139-140, 142 
methods, 130-131 
Statistics, medical, 96 
Statutory Minimum Flow—see Teddington Weir, flow 
St. Clement Reach, deposits, 132 
Stepney Power Station, /57 
St. Katherine Dock, deposits, /32 
Stone Ness, flow patterns near, 19 
Stone Sewage Works, 80, 42, 84, 125, 177 


Storm sewage, 
discharged to estuary, 2, 61 
from Acton, 77-79, 528 
from L.C.C. system, 48, 82-89, 97, 102, 237 
analysis, 85, 572-574 
calculated effect of, 510, 279, 182 
comparison with Northampton, 88-89 
composition, 85-89, 55-56, 45-47, 237, 339, 468 
flow, 83-85, 43-44, 54, 46-47, 88-89, 164 
related to rainfall, 84-85, 54, 44 
gravitational, 82, 84-85, 44-46, 88-89, 318 
polluting load, 82-83, 42, 86-89, 46-47, 56, 92, 
49, 217, 77, 237, 85, 88, 318, 126, 134, 409, 
467, 469, 177, 485, 530-531, 182 
pumped, 83-89, 43-47, 318 
from other systems, 80, 82, 42, 237, 85 
discharged to River Lee, 55, 45-47 


Stour Estuary, deposits, 117 


Stratification (see also Cross-sections, variations), 
17,15 
classification of estuaries by degree of, 390 
Streams, fresh-water, 
artificial aeration of, 566 
effects of 
pollution, xviii, 390, 532 
mud deposits, 554 
rate of reaeration of, xviii, 366, 569 
Streptococcus faecalis, 
enumeration, 574 
in bottom deposits, 313, 119 
in estuary, 200 
Sucrose, pollution by, 239 
Sugar, 
pollution of Tilbury Dock by, 256 
refineries—see Industrial wastes 
spilling, as source of pollution, 92, 242 
Suir Estuary, deposits, 1/7 
Sulphate, 
as product of sulphide oxidation, 272 
determination, 574 
in estuary, 96, 188 
availability of, 257-258, 94 
effect of flue-gas washing, 257 
total weight, 258 
transfer by mixing, 258, 94 
in water from Upper Thames, 257, 158 
reduction, 255-272 
allowance in calculations of estuary condition, 
424-425, 475-479, 179, 480, 497 
assumptions in calculations, 421, 459 
by bacteria, xvi-xvii, 255-256, 92 | 
conditions for, 247, 407 
effect of 
dissolved oxygen, 259-261, 161, 459 
pH value, 264, 97 
temperature, xxiii, 261-264, 162-164, 524 
in mud, 256, 92 
in sewage sludge, 256, 93 
nuisance originating from, xvi, 96, 247, 255 
oxygen made available by, 247, 256, 326, 340-341, 
140, 145, 347 
reaction, 256, 340 
relation to chloride content, 257, 158 
Sulphide (see also Hydrogen sulphide), 
as indicator of estuary condition, 104, 150, 166 
concentration, related to suspended solids, 193, 124 
conditions at first appearance of, 191, 67, 259 
determination, 261—262,-572, 574-575 
dissolved, in estuary, 188-194, 66, 120-121, 124, 268, 
166, 275, 253-254, 462 
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Sulphide (contd.), 
effects on paints and metals, 1 
equilibria, 265-269, 165, 100, 167 
escape to air, 265, 267—268 
ferrous, in mud, 533 
formation—see Sulphate, reduction 
in bottom deposits, 98, 106-108, 292, 178, 132, 340 
relations to other constituents, 182, 304 
retention by iron compounds, 263 
in Tilbury Docks, 256 
length of reach where present, 83-84, 158, 166, 120-122, 
192, 462, 254 
occurrence of, 
frequency of, 79-80, 60, 154 
relation to 
absence of dissolved oxygen, 154, 80-81, 158, 84, 
188, 191-193, 67, 122-123, 259, 272, 490-491, 
268 
absence of nitrate, 193, 125, 462, 254, 509, 537 
fresh-water flow, 166, 67 
oxidation, 272—275 
catalysts for, 272-274 
effect of 
iron and suspended solids, 273, 171 
mud, 274-275, 172 
oxygen supply, 275, 174 
pH value, 272, 274-275, 173 
mechanism of, 272-273, 102 
rate of, 193, 272-274, 170-171 
sulphur produced by, 264, 340 
sources of, 255-256 
total, in estuary, 60, 154, 188-194, 66, 120-122, 490-491, 
268 
Sulphite, 
in flue-gas washing, 90-92, 239-240, 408-409, 538, 562, 
567 
oxygen depletion by, 90-92, 468, 538, 563, 301 
aeration to eliminate, 528, 567, 303 
oxidation of, 90-92, 382 
in estuary, 240, 563 
Sulphur, 
as oxidation product of sulphide, 264, 272, 275 
available, in mud, 256 
content of 
flue gases, 91-92 
mud, 264, 98, 340 
proteins, 256 
dioxide in air, 243 
removed by dredging, 340, 140 
Supersaturation—see Photosynthesis 


Surface 
-active matter—see Detergents, synthetic 
area—see Area 
water discharged to estuary, 2, 77, 89, 243 


Surrey 
County Council, records, 31-32, 10 
Docks, deposits, 294, 107, 115, 132 


Sutton Sewage Works, 30 
Swanscombe Sewage Works, 81, 42, 84, 125, 177 
Symbols used in Report, 577-579 


Tamar Estuary, deposits, 1/7 
Tanneries—see Industrial wastes 
Tay Estuary, deposits, 1/17 
Taylor (John) and Sons, 78 
Teddington, 
fish at, 102 
water from, 
effect of contaminants on reaeration of, 384, /5/ 
oxygen absorptiom by, 240, 150 
Weir, 4 
flow, 
gauged (see also Flow, fresh-water), xxiii, 11, /-2, 
9-11, 26-27, 7, 23-24, 102, 257-258, 384, 463, 
485, 264, 493, 499, 508, 527 
compared with total land-water flow, 14, 12 
Statutory Minimum, xxiii, 26, 7, 23-24, 59, 411, 
455, 250, 508, 521 
natural, 13, 11 
oxygen exchange at, 28, 111, 59, 61-63, 334-335, 190, 
466, 509, 567 
deficit ratio, 335 
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Teddington (contd.), 
Weir (contd.), 
polluting loads passing over—see Thames, Upper 
water quality at, 28, 61 
chloride, 16, 257, 158 
dissolved oxygen—see Oxygen, dissolved, at 
Teddington Weir 
oxidized nitrogen, 341 
pH value, 182 
sulphate, 257, 158 
temperature, 170, 96, 440 
related to air temperature, 440 
WON s 2233272 


Tees Estuary, 
hydrography, 4, 17, 16 
survey of, 3, 532 


Temperature (see also Heat, Heated discharges), 
acclimatization of bacteria to changes in, 262 
air, 
at Greenwich related to water temperatures, 440-443, 
169-171, 238-241, 445 
changes in, related to population, 446 
and fresh-water flow, effect of seasonal changes in, 
555, 296 
calculated distributions of, 450-456, 244-250, 172 
calculation of (see also Calculation of distributions 
of dissolved substances), xix, 427, 447, 
449-455 
comparison with observed distributions, 450-452, 
244-246, 249 
due to unit inputs of heat, 453-455, 247-248, 172 
factors affecting, 
changes in fresh-water flow, 245, 453, 172, 248 
within quarter, 451-452, 246 
changes in heat discharged to estuary, 455, 250 
magnitude of heat exchange coefficient, 450-451, 
244 
movement of Battersea Power Station, 455, 249 
calculated effects of, 521-526 
comparison with observed, 491-493, 269 
increase due to heated discharges, 522-526, 287-290 
uniform change in, 521-522, 287 _ 
calculated increase due to heated discharges, 523-524, 
288, 290 
effect on 
carbonaceous oxidation, 202, 207-214, 139, 141-143, 
74-75 
denitrification, 249-250, 253-254, 156, 9/ 
nitrification, 202, 207-210, 219, 493, 503, 290, 526 
oxygen absorption, 136, 138, 70, 206-210, 139, 
141-142, 75, 214 
oxygen solubility, 349-350 
reaeration, 358-359, 367, 372-373, 204, 217, 383-384, 
500, 180 
sulphide production, 261-264, 162-164, 96 
of estuary, 2, 106-108, 50-52, 427-456 
at Crossness, 238, 443, 170-171, 240 
at Deptford, 441-442, 169, 238-239, 171, 240 
at Greenwich, 441-443, 169, 238-239, 171, 240 
at London Bridge, 54, 95, 97, 181 
at Teddington Weir, 170, 96, 440 
at time of sulphide re-appearance, 188, 191, 67 
basic, 446 
curves for, 446, 243-246, 522-523, 288 
comparison with observed, 446, 243 
distribution along estuary, 54, 169-170, 95, 97, 216, 
383, 427, 434-435, 233-234, 165-167, 242-246, 
249 
assumed in predicting future conditions, 508, 181 
in absence of heating, 427, 440-446 
effect 
of fresh-water flow, 170, 434, 233, 451-453, 
245-246, 248 
of growth of London, 446 
of heated discharges, 2, 434-437, 446-455, 243-250 
on ammonia distribution, 522, 287 
on dissolved oxygen, 104, 126, 128-143, 67, 56-57, 
146-148, 76-78, 156-157, 83, 161-162, 
169-170, 344, 363, 521-522, 287, 540 
on general condition of estuary, 1, 169-170, 427 
on oxidized nitrogen distribution, 522, 287 
on suspended solids, 533 
measurement, 434, 441-445, 448 
errors in, 333, 343-344, 437, 448 
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Temperature (contd.), 
of estuary (contd.), 
variations, 

long-term, 437, 168, 236-237 
over cross-section, 17, 434-436, 164-167, 234 
over width, 390 
with depth, 436, 235 

of fresh-water discharges, 28, 30, 33, 33, 38-39, 41, 
43-44, 43, 46-49, 22-25 

of North Sea, 444-445, 241 

of sewage and sewage effluents, 431-432 

of storage of samples, effect on B.O.D., 63, 28 

off Northern Outfall, 129, 68, 431, 491-493, 269 

off Southend, 170, 96 


Tents for reaeration measurements, 354-360 
design and construction, 354-355, 193 
use in docks and tidal basin, 356, 146 
use in estuary, 354, 356-357, 146-147, 194, 359, 363, 
366, 368, 199-200, 370, 385, 494 
use in wave tanks, 359-360, 148 


Thames 
Basin, hydrology, 26 
Conservancy, 
Act (1932), 26 
area of jurisdiction, 98 
concern at estuary condition in 19th century, 98-99 
control of Upper Thames, 61 
records, 
chemical, 28, 25, 105 
flow, xxviii, 10-11, J-2, 9-12, 26-27, 7, 24, 75, 
316-317, 486 
tidal, 5 
covering of, suggested, 95 
Ditton, water supplies from, 94 
embankment of, 97 
Navigation Act (1870), 98-99 
Survey Committee, vi, xv, xxvill, 
report of, xv—-xxvi 
Upper (see also Fresh-water discharges and 
Teddington Weir), 25-28, 7, 23-25, 23-26, 61, 
92, 75, 177, 485, 493 
abstraction of water from, 10, 8, 13 
catchment area and run-off, 26 
loads discharged to estuary, 240-241, 87, 151, 134, 182 
heat, 432 
oxidizable nitrogen, 217, 77 
oxidized nitrogen, /41, 468 
oxygen, 334, 136, 340, 145 
sulphate, 257 
suspended solids, 316-317, 122, 130 
oxygen depletion of estuary attributable to, 182 
pollution of, by land drainage, 244 
salmon fry released into, 102 
Thermal analysis of bottom deposits, 324-325 


Thioglycollic acid method for determining dissolved 
iron, 574 


Thiourea, suppression of nitrification by, 536 
Thiosulphate as sulphide oxidation product, 272 


Tidal 
cycle, 6 
dispersal of water during, 395-396, 221 
variation in concentration during, 6-9, 6, 106-108, 
408-409 
excursion, 9, 7, 395-396, 415, 469, 176 
flow, in upper reaches, 395, 411 
intervals, 6, 4 
levels, 5-6, 2-3 
oscillation, 99, 395, 398, 533 
range, 6, 3 
effect on mixing, 395 
state, 
adjustment of sampling positions to standard, 6-9, 6 
effect of discharging effluent at particular, 556 
transport of solids, 98-99, 278 
Tides, effects of spring and neap, 4, 6, 8-9, 192-193, 122, 
195, 126, 314-315, 187 
Tilbury 
Buoy, redox potential of mud at, 95 
Cargo Jetty, dredging spoil from off, 132 
Docks, 
deposits in, 107, 112-113, 115, 132 
pollution by sugar from damaged ship in, 256 


Tilbury (contd.) 
Docks (contd.), 
rate of reaeration in, 356, 146 
temperature variations over cross-section near, 167 
laboratory, 572 
mud from foreshore, denitrification in, 254-255, 157 
Power Station, 428, 455 
salinity variations at, 18, 4 
Sewage Works, 81, 42, 84, 125, 177, 536 
Tidal Basin, 
mud, 
deposits, 
composition, 308-311, 712-115, 132 
formation of, 278 
gas evolved from, 269-270, 313 
composition, 315, /2/, 331 
rate, 313-315, 120, 186-187, 331, 343 
oxygen absorption by, 205, 69 
redox potential of, 95 
sulphide formation in, 256 
rate of reaeration in, 356, 146 
water from, 
effect of contamination on reaeration of, 384, 15] 
iron in, 273 
sulphide oxidation in, 273, 170 
Timbermans Creek, 81 
Time 
-lag in effects following changes in 
dumping, 163, 91 
flow, 143, 58, 157 
temperature, 157 
term in regression analysis to allow for deterioration, 


130-131, 134, 57 
Topography, 4 
Tower Bridge, temperature variations at, 166 
Toxicity of estuary water to fish, xx, 528-529 
Transport, Minister of, and abstraction from Thames, 26 
Trent, River, U.O.D. of sample from, 223 
Tributaries—see Fresh-water discharges 
Trout, rainbow, toxicity of estuary water to, 528-529 
Turbidimeter, photoelectric, 195 
Turbidity of fresh-water discharges, 38 


Turbulence, 
effect on 
dispersal by mixing, 395 
dissolved oxygen, 150 
variations during tidal cycle, 393 


Tyne Estuary, 4 


Ultimate oxygen demand—see U.O.D. 


Unit inputs, 
effect of point of discharge and type of substance, 540, 
295 
of ammonia, effects of, 538-540, 186, 295, 556, 565, 302 
of conservative substance, 
application, 563-564 
effects of, 538-540, 190 
of ‘fast’ organic carbon, effects of, 538-540, 184, 295-297, 
556, 564-565, 302 
of ‘fast’? organic nitrogen, effects of, 538-540, 187, 
295, 556 
of heat, 
applications, 455, 249-250 
effects of, 453-456, 247-250, 172 
of oxygen deficiency, effects of, 538-540, 189, 295, 556 
of polluting substances, 
effects of, xxiv, 538-554, 294-295, 183-190 
method of interpolation, 556, 297 
proportions escaping to sea, 540, 183 
situations when unsuitable, 565 
to calculate effects of 
addition or removal of oxygen, 562-563, 301 
changes in polluting loads, 554-561, 298 
discharges of sewage or sewage effluent, 561-562, 
299-300 
discharging at particular tidal state, 556 
seasonal changes in flow and temperature, 555, 296 
of ‘slow’ organic carbon, effects of, 538-540, 185, 295 
of ‘slow’ organic nitrogen, effects of, 538-540, 188, 295, 
556 
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Units, conversion factors, 581 
Upper 
Pool, deposits, 132 
Thames—see Thames, Upper 


U.O.D. 
/B.O.D. ratio, 34, 12, 39, 15, 44, 18, 25, 228, 82, 239 
carbonaceous, 216, 227, 321-322 
effect of 
chemical nature, 214 
temperature, 214 
errors in, 223 
of sewage effluents, 229-231, 146, 233-234 
of various substances, 214, 216 
relation to organic carbon, 216, 227 
theoretical values for, 212, 75, 214, 216, 227, 321-322 
departure from observed demand, 221-223, 78-79 
limitations, 226 
load, 
carbonaceous, 
of detergent residues, 232 
and nitrogenous of 
fresh-water discharges, 241, 87-88 
industrial discharges, 86, 88 
sewage effluents, 80-81, 147, 232, 83-84, 235, 
88, 507, 518 
storm sewage, 85, 88 
lost by 
deposition and dredging, 327-328, 132, 331-332, 
134 
escape to air, 331, 134 
escape to sea, 329, 134 
reduction of nitrate formed in estuary, 329-331, 
133-134 
of activated-sludge discharge, 235 
of fresh-water discharges, 34, 12, 39, 15, 44, 18, 241, 
87-88, 134 
of industrial discharges, 237-240, 86, 88, 134 
of pollution from air, 243, 134 
of sewage effluents, 228-230, 80-81, 147, 232, 83-84, 
235, 88, 134, 507, 518 
of solids from sea, 243 
of storm sewage, 237, 85, 88, 134 
total, 327, 331-332, 134 
nitrogenous, 221-222, 230 
of coal, 222—223 
of dredging spoil, 327-328, 132, 347 
of fresh-water discharges, 26, 34, 12, 15, 44, 18, 25, 240 
of industrial discharges, 222 
of mud from Barking Reach, 207 
of sewage effluents, 222, 78, 228-229, 145-146, 82 
relation to other constituents, 221, 145, 229 
residual, 347 
and solids deposition, net effects of, 458-459, 251 
loss of, 347, 458 


Urea in 
Northern Outfall effluent, 184 
Stevenage sewage, 251 


Vauxhall Bridge, variations in composition at, 16, 172, 
101, 219, 435, 165-166 


Vectors, input, 417 
evaluation, 467, 472-474 
for heat, 449 
for polluting substances, 421-423, 472-474, 178 


Velocity of 
displacement, 14, 13, 409 
flood and ebb tides, 99 
water, 
effect on reaeration, 366-367 
effect on suspended solids, 533 


Victoria Railway Bridge, temperature variations at, 
435, 164-165 


Volume of estuary, 7, 5, 99, 323 


Wandle, 
River, 6, 25, 31-34, 29-33, 11-12 
aeration at Lower Mills Weir, 335-336 
composition, 32-34, 31-32, 12, 23-25, 223, 79, 241, 
335-336, 137, 468 

flow, 32, 11 fr 

maximum oxygen depletion due to, 182 

polluting loads, 34, 27, 87, 123, 433, 162, 177, 485, 182 


INDEX 


Wandle (contd.), 
River (contd.), 
temperature, 33, 33 
variations in estuary near mouth of, 234 
24-h survey at Wandle Creek, 33-34, 32-33, 12, 335, 
ype 
weirs on tidal reaches, 31, 29-30, 32-33, 33, 335 
Valley Sewerage Board, Mitcham Sewage Works, 31-32 
Wandsworth 
Bridge, temperature variations at, 165-166 
Gas Works, 159 
Power Station, 29, 33, 433 


War, effect on 
polluting load, 164 
population, 163-164 
position of dumping, 160, 162-163, 91 
sampling programme, 105 
Water 
closets, introduction, 94 
ionic product for, 266 
level in estuary, factors affecting, 5-6, 2 
Pollution Research Board in 1962-63, v 
sampling and analysis, 572-574, 304 
supplies from 
River Lee, 36-37, 36, 14, 61 
‘Thames Estuary, 94 
Upper Thames, 10, 8, 26, 61 
usage, increases in, 1, 506, 514, 529 
predicted effects of continued, xx, 529-531, 293 
Waterloo Bridge, temperature variations at, 166 
Wave 
frequency, effect on reaeration, 369-370, 200 
height, 
effect on reaeration, 147-148, 357-358, 194, 360, 
369-370, 200, 385, 494, 569 
estimation of, 355 
tanks, determination of exchange coefficient in, 359-360, 
148, 369, 200 
Weirs, oxygen exchange at, 28, 33, 32, 38-39, 25, 111 
59, 61-63, 334-339, 190, 192, 509 
Wells, pollution of, by estuary water, 100 
West India Pier, marine diatoms near, 176 
West Kent Sewage Works, 2, 80 
composition of effluent, xxi, 80, 4/-42, 528 
flow, 80, 4/-42 
maximum oxygen depletion due to, 535, 182 
polluting load, 4/-42, 84, 151, 125, 322, 177, 485, 535, 
182 
temperature variations in estuary near, 167 


West Middlesex Main Drainage—see Mogden 
Sewage Purification Works 


Westminster 
Bridge, variations in composition at, 16, 101, 219, 166 
estuary condition at, in 19th century, 94-95 
fish at, 102 


West Thurrock Power Station, 428, 455, 524 
Whitebait, 102 
Width of estuary, 4, 1, 279 


variations in composition across, 
colour, 390 
dissolved oxygen, 172, 101, 390 
salinity, 18-19, 4, 16, 390 
temperature, 390, 434-436, 164-167 


Wimbledon Sewage Works, 31 
Wind, 


effect on estuary 
oxygen content, 129, 143, 193, 360-363, 195, 149, 366 
sulphide content, 193, 123 
material carried into estuary by, 243, 320 
profiles over sea, 359 
speed, 
average, 359, 502 
quarterly, relation to quarterly average dissolved 
oxygen, 363 
effect on reaeration, 129, 143, 147, 357-363, 194, 196, 
366, 368, 199, 385, 494, 500, 502, 780, 569 
apparatus for studying, 368, 198 
ratio at different heights, 359, 362, 368 
records, Hampton and Shoeburyness, 361-362, 195, 
149 
‘total’, at Greenwich, 143 


SUBJECT INDEX 


Winkler method for dissolved-oxygen determination, 
106 
modifications, 349-350, 572, 574 
Woolwich 
Power Station, 157 
Reach, deposits, 132 
water from, toxicity to fish, 528-529 
Worcester Park Sewage Works, 30 


Works and Public Buildings, H.M. Commissioners, 95 


Worms, tubificid, in mud, 205 

effect on oxygen absorption, 205-206 
Wye Estuary, 4 

deposits, 11/7 


Yeast, : 
critical oxygen level for respiration, 76 
sulphate reduction by, 255 
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Reports on Other Estuaries 
Surveyed by the Water 
Pollution Research 
Laboratory 


Survey of the River Tees. Part II. The 
Estuary—Chemical and Biological. W.P.R. 
Technical Paper No. 5, First published 
1935, reprinted 1961. Price £1 12s. 6d. 
(by post £1 13s. 8d.) 

This survey was undertaken soon after 
the Water Pollution Research Board was 
founded, to provide basic information on 
the effects of pollution on a typical river. 
The chemical and physical characteristics 
of the estuary water and the distribution 
of the flora and fauna were studied and 
compared with those in some unpolluted 
estuaries. The toxicity to fish of industrial 
effluents discharged to the estuary was 
also investigated, and it was shown that 
cyanides in coke-oven effluents were 
chiefly responsible for deaths of salmon 
smolts. 


The Effect of the Discharge of Crude 
Sewage into the Estuary of the River 
Mersey on the Amount and Hardness of the 
Deposit in the Estuary. W.P.R. Technical 
Paper No. 7. First published 1938, 
reprinted 1961. Price £3 3s. (by post 

£3 5s. 3d.) 

At the request of the various authorities 
concerned with the control and use of the 
Mersey Estuary an investigation was 
undertaken to find whether the discharge 
of crude sewage was increasing deposition 
of solids or affecting the hardness of 
deposits formed. The work included 
determinations of the composition of the 
estuary water and muds, comparison of the 
muds with those from other localities, and 
studies of the factors affecting sedimen- 
tation of solids and erosion of deposits in 
the estuary. 


Obtainable from the Government 
Bookshops in London, Edinburgh, 
Manchester, Bristol, Cardiff, Birmingham 
and Belfast, from the Water Pollution 
Research Laboratory, or through any 
bookseller. 


Printed in England 
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